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The research studies, in detail, the synchronous reluctance machine 
(SynRM) and permanent magnet assisted synchronous reluctance machine 
(PMSynRM) to improve the machine performances. In this study, the SynRM 
analytical models are revisited, and functional characteristics are mathematically 
developed to improve the machine performance. The performance parameters 
such as torque density, power factor, and efficiency are investigated along with 
torque ripples. SynRM is known for its high torque density in a compact size. Its 
improvement is analytically studied further by optimising rotor properties. The 
power factor of these machines is rather low compared with its equivalent AC 
machines. Although the machine’s power factor can be improved using control 
techniques, it is still not high enough. The machine has gone through significant 
development over the years since J.K Kostko published the first paper on 
reluctance machines back in 1923. The researchers have tested various types of 
anisotropies, such as axially laminated and transversally laminated. The machine 
torque and power factor depend on its saliency ratio.  
Although the axially laminated structure offers high saliency ratio due to 
the naturally distributed flux barrier structure, it has mechanical constraints. The 
axial rotor segments are fixed together by specially designed bolts that are 
conductive material in nature. This mechanical arrangement increases quadrature 
axis inductance, consequently reduces the saliency ratio of the machine. On the 
other hand, the transversally laminated structure is more mechanically feasible 
and offers comparatively high performance. One of the primary focus of this study 
is to improve the power factor. It has been comprehensively investigated. The 
SynRM machine is also known for high torque ripples. The non-linear structure 
and its reluctance path along the air-gap make the machine highly susceptible to 
torque pulsation.  
The cross induction due to the D and Q axis along the air-gap increases the 
machine’s ripples. Besides, poor stator winding (both sinusoidal and step 




practices are revisited in this study to further understand the torque ripples of this 
machine. The rotor of SynRM is redesigned and optimised to reduce the ripples 
effect. The causes of ripples are also analytically studied in detail, and 
mathematical models are developed and presented for understanding the 
phenomena. Two different ways of analysing the ripple effects are considered, and 
the pros and cons of both methods are discussed. The SynRM is simulated using 
an advanced finite element analysis (FEM) software to verify the analytical models 
as well as optimise the machine performance. Firstly, primitive rotor structures 
are developed so that they can be automatically varied during parameterisation 
and optimisation. Four flux barrier shapes are analysed to determine the optimum 
shape for high performance by investigating flux’s natural path. From the results, 
a multi-barrier arrangement is studied with an advanced algorithm for three and 
four-layer designs, and an optimum rotor is proposed based on the simulations. 
Using a single-objective and multi-objective optimisation techniques, the 
SynRM is optimised from the simulated design. An advanced topology is developed 
for automated optimisation that can offer flexibility in varying optimisation 
variables as part of this research. The optimised design’s performance is analysed 
in detail and compared with analytical models. The torque ripples are discussed in 
detail, and an advanced torque ripple minimisation topology is developed. Then 
the design is optimised for two types of barrier shapes. A number of designs are 
prototyped for experimental verification. 
Finally, the current trend in rare-earth magnets is investigated with its cost 
per volume ratio. The rare-earth neodymium magnets are focused on this study 
for improved performance with optimum volume. The analytical model of PM 
assisted design is studied in detail, and its performance parameters are compared 
with SynRM. A PMSynRM with a linear-barrier is simulated for a detailed analysis 
of the machine that discusses different PM volumes and the impact on machine 
performance due to the volume of PM and location. The performance parameters, 
discussed in the analytical model, are compared with the simulation results. The 





The optimisation is performed in two ways. The first one is adding PMs to 
the optimised SynRM. Single-objective and multi-objective optimisation are 
performed using an advanced optimisation algorithm. Secondly, the topology of 
SynRM is modified for PMSynRM in such a way the entire machine can be 
automated during optimisation by adding the PM’s variables to the existing one. 
The performances of the two optimised designs have been compared. PMSynRM 
prototypes are developed to verify the simulation results. The eight SynRM designs 
are prototyped to report the practical results. Six of them are to verify various 
performance parameters of SynRM and two of them to test the ripples effect. 
Moreover, two PMSynRM prototypes are fabricated to verify the simulation results. 
The saliency of each SynRM is measured and compared with simulated results. 
Then, each design is tested experimentally in all possible scenarios and compared. 
Extensive testing is performed on all prototypes under various operating 
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The efficiency of electrical machines has been the trend in recent times due 
to the ever-increasing demand for electrical energy. An efficient electrical motor 
uses less power with reduced losses compared with a poor efficient machine. 
Induction machines (IM) have long operational life, rugged structure, and are 
known for reliable operation but with relatively poor efficiency when compared to 
the latest efficiency standards. The combination of recent energy consumption 
legislation (IEC/EN60034-30:2008) around the world especially in the developed 
countries and cost of running poor electrical machine has triggered the search for 
an alternative to the induction machine which has been well-known for decades in 
the power industry due to its robustness and reliability [1, 2].  
Although the induction machine has been developed to nearly its maximum 
potential, its efficiency is always a concern. It has rotor coils so that it can develop 
rotational force due to the rotating magnetic field. The coil comes with resistance, 
associated copper losses, and other losses such as frictional losses. Therefore, the 
efficiency of this machine is limited, especially in small range machines. Industry 
uses 42 % of the world’s electrical energy and two-third of that is used by electrical 
motors [1, 3]. Over 90 % of the 300 million electrical motors installed worldwide 
are induction motors [2, 4]. Thus, an alternative to the induction machine is 
needed now than ever before. Hence, researchers have been collaborating with 
industry to improve the efficiency of the electrical machines in recent time.  
The SynRM has been given significant attention in the past two decades due 
to high torque density in a compact size, high efficiency, and better pull-out torque 
in a magnet free structure. The history of the reluctance machine goes back nearly 
a century [5]. The earlier SynRMs were equipped with rotor cage for starting 
purpose. The rotor cage significantly reduced the machine’s performance. 




machines. The early machines were designed with axial segments and called 
axially laminated design. The ALA (axially laminated anisotropy) design had few 
advantages such as high saliency ratio due to its distributed barrier structure. 
However, the segments are mechanically connected via radial support which act 
as flux guides in the Q axis, resulting in poor machine performance. Thus, this 
machine was only used in special applications and not considered for mass 
production. The lack of starting mechanism and manufacturing technology, the 
proper understanding of the machine’s potential, the domination of other 
machines such as induction machine did not attract either the researchers or 
industry.  
Digital computer evolution in the mid-90s, development of vector-oriented 
controllers and innovation in machine design such as transversally laminated 
design allowed the researches to re-visit the machine [6-8]. Advanced electronic 
controllers allowed the researchers to remove rotor cage and re-design the 
machine with multi-barrier in TLA design [9-11]. The latest technology and 
machine design tools improved the performance significantly. The researchers had 
demonstrated that a SynRM could out-perform an equivalent induction machine 
[12-14]. Researchers confirmed that the machine’s efficiency is significantly high 
compared to an equivalent induction machine in a compact size [15]. Its magnet 
free rotor with high torque density in compact size allowed the researchers to 
consider the machine for electric vehicle in recent times [16-19]. Its ability to 
operate with high speed in the field-weakening region with relatively less 
structural deformation due to the absence of rotor coil make this machine a 
potential candidate for electric vehicle application.  
Further, its pull-out torque is nearly double of the rated torque. The simple 
and rugged rotor structure makes the machine to be maintenance-free and 
reliable for long-lasting operation. Although the machine’s torque density is 
slightly lower than an equivalent PM machine, the rotor is considerably less-
expensive and no demagnetisation issues to consider. In addition, the compact 
size and high torque density coupled with precise control at lower speed make this 




machine, SynRM can adopt the existing stator of any conventional AC machine. 
As this is a conventional type electrical machine, it requires a generic sinusoidally 
excited stator. Hence, the stator and controller of an induction machine can be 
used in the same frame sizes without developing new standards.  
Nonetheless, its power factor and torque ripples are still a concern for the 
machine designers. SynRM is already in mass production starting as low as 0.75 
kW and as high as 370 kW [20]. Although its efficiency has increased compared 
with an equivalent induction machine, the power factor have room for 
improvement. This thesis explicitly studies the machine’s design characteristics to 
improve the machine performances such as torque, power factor, efficiency, and 
torque ripples without complicating the manufacturing. It compares an off-the-
shelf SynRM with numerous prototypes exclusively made for this study. It has 
been shown that the machine’s performances can be substantially increased by 
optimising the rotor dimensions such as barrier profile. The study focuses primarily 
on rotor optimisation for high performance. The flux barrier shapes, end barrier 
profiles, barrier location insulation ratio are explicitly investigated for premium 
performance. A series of scenarios are studied with respect to the machine 
performances. On the other hand, the PMSynRM is rather new machine. The 
SynRM researchers have proposed to use permanent magnets to improve its 
performance.  
It was proposed to improve the performance of ALA design, but it can still 
be applied for the TLA design. Although ferrite PMs were initially suggested to 
improve the SynRM performance, but the PMSynRM can be designed with either 
rare-earth or ferrite permanent magnets depending on the requirements. The PMs 
in the barrier cavities along the negative Q axis can saturate the ribs in a 
transversally laminated design. The saturation will increase the reluctance in the 
axis resulting in high saliency ratio. It will increase the performance such as torque 
density and importantly, power factor. The two machines share quite similar 
characteristics. The temperature rise is quite low due to the absence of rotor coils 
in this machine. It cuts-down the fan size, resulting in low losses. Thus, the rotor 




The hybrid design is rather new and still yet to be developed. The rapid 
price increase in rare-earth permanent magnet in the early 2010s, depletion of 
rare-earth magnet materials and environmental considerations reduce the interest 
of using a high volume of permanent magnets for electrical machines in recent 
times [21]. However, these types of machines have been exclusively considered 
for electrical vehicle application besides other special application such as in 
military and space industry. The electric vehicle industry is yet to boom in the 
coming years. Thus, the interest shifts towards an alternative hybrid machine with 
an optimised amount of permanent magnet that can produce similar performance 
as PM machines. The PMSynRM development at this point is crucial due to its 
potential as a hybrid electrical machine.  
The PMSynRM is not only used for regular application but also can be used 
in sustainable energy development. It is an excellent choice for windmill 
application as a generator. The only concern of this machine is its cogging torque. 
This thesis shows that the cogging torque issues can easily be solved with proper 
optimisation. Thus, PMSynRM can be a viable alternative to PM machines due to 
its dual torques capability, i.e. reluctance, and PM torque with significantly high-
power factor if it is optimised. The high-cost PMs Increase the manufacturing cost 
of PM machines. However, the PMSynRM can be designed with an optimum volume 
of rare-earth PMs for specific characteristic that can reduce the cost significantly. 
This thesis focuses on developing topologies to optimise PMSynRM. It also 
extensively studies the characteristics of the machine at both operational regions 
maximum torque per ampere (MTPA), and field-weakening regions. It then 
compares the performances with an equivalent SynRM. Moreover, the machine is 
analytically modelled, simulated using innovative approaches and the results are 






1.2 Evolution of SynRM 
J.K Kostko developed a theory for the reluctance (Kostko called it 
“reaction”) motors in 1923 [5].  Since then, it was given various names such as 
polyphase reluctance motor, reluctance motor, reluctance synchronous motor and 
subsequently called synchronous reluctance motor by various researchers [10, 22-
24]. Kostko developed not only the theory but also clearly articulated the 
challenges the machine had at the time. Although he did not believe that the 
machine will ever be extensively used, he pointed out the advantages of SynRM 
such as simplified rotor structure and variable speed and excellent operating 
characteristics at the time. Kostko also pointed out that high saliency should be 
reached to have better machine performance by producing multiple rotor 
segments, with multiple barriers. His proposal for achieving high saliency ratio is 
shown in Figure 1-1. Even the modern SynRM machine with hybrid barriers nearly 
follows the similar design procedures that Kostko proposed nearly a century ago. 
 
Figure 1-1: J.K Kostko's proposal for achieving high saliency 
 
1.2.1 Reluctance machine in the mid-20th century 
Another reluctance machine called the doubly salient reluctance machine 
was also developed in parallel in the middle of the last century. The doubly salient 




motor is generally considered as a separate type from synchronous reluctance 
machine. Since Kostko’s introduction, the reluctance machine was ignored for 
quite a long time. However, industrial revolution across the globe in the early-
1950s and specific characteristics of SynRM such as high pull-in load torque and 
variable speed operation attracted many researchers [27-33]. SynRM had been 
significantly developed during this time due to innovative work by Trickey and 
followed by C. Lin, M.E. Talaat, P.J. Lawrenson, A.J.O. Cruickshank, V.B. 
Honsinger, W. Fong, T.A. Lipo, I. Boldea and M.H. Nagrial [9, 28, 33-40]. The 
challenges of developing this machine due to lack of literature are acknowledged 
by M.E. Talaat [27, 28, 34]. 
Around the same time, few researchers developed a machine that had 
combined synchronous machine with a reluctance rotor and called it “synchronous 
motor without field excitation” [22, 27]. It is because the salient pole synchronous 
machine of that time shared the same principle except it had field excitation. The 
researchers confronted challenges in starting the machine and bring to 
synchronism, resulted in introducing field excitation which, to a certain extent 
compromised machine performance. Later, the machine was equipped with a 
squirrel cage in the rotor to produce starting torque. The reluctance machine of 
that time was designed particularly for line start synchronous performance that 
used the same inverter [41-43]. A damper winding was also provided to keep the 
machine in synchronism during sudden load changes.  
SynRM has never had a steady development during the early stages. The 
next phase of development came in the 1960s through P.J. Lawrenson, A.J 
Cruickshank, W. Fong, and T.A Lipo [36, 44-47]. Initially, Lawrenson proposed a 
two-pole reluctance motor with a segmental rotor and claimed it is a novel design 
of that time due to its low inertia [30, 44]. The low in iron peripheral segmental 
rotor was claimed to have the inertia of one-fifth of its counterparts as shown in 





(a)   (b)        (c) 
Figure 1-2: P.J Lawrenson's reluctance motors (a) standard inertia rotor (b) law inertia 
rotor and (c) segmental rotor with channel 
Lawrenson and associates then improved the rotor with a shallow axial 
channel in the D – axis on purely segmental rotor, is shown in Figure 1-2 (c) [48]. 
The channel was filled with conductive materials to achieve synchronism and high 
machine performance such as power factor of 0.8 and efficiency of 90 % at that 
time. This machine had better maximum pull-out torque compared to an 
equivalent induction motor. It had used thyristor inverter supply to achieve low 
starting currents and variable speeds (only achieve two-speeds). Lawrenson also 
managed to implement the field-weakening technique of that time to run into 2:1.  
This segmental design should be acknowledged and was considered the 
next step towards further development in SynRM. During this time, the segmental 
rotor machines were adopted by the electrical machine industry and available but 
only for a particular application due to its poor efficiency lasted until the mid-
1990s [49-51]. Although this machine claimed to have excellent operating 
characteristics, high machine performance and substantially improved 
synchronous performance, the machine could not surpass its counterpart IM in 
many areas. Moreover, the construction was relatively complicated and less 
rugged and needed a non-magnetic shaft and other accessories. 
T. A. Lipo published theory and simulation intensive paper for the first time 
with computer simulations on the SynRM stability analysis in 1967 [36]. He 
derived SynRM equations primarily using a salient pole synchronous machine of 




convert it to the multi-phase system (1.1). He converted the 3 phase equations 
into a reference frame for the first time for SynRM using the park’s transformation. 
Then, he applied the theory of small displacements to study the dynamic 
behaviour of SynRM to torque and damping over a wide speed range. Using a 
digital computer, he simulated the region of instability and using analogue 
computer-simulated transient characteristics of a SynRM. He had demonstrated 
that the SynRM has instability problem at lower speeds due to insufficient damping 
within the machine [36]. The issue was quite crucial due to the static converters 
of that time, which generates non-sinusoidal waves that can cause further 
instability in this machine. Lipo’s contribution to SynRM development should be 
acknowledged who published his first work in 1967. Since, he has been either 
publishing or involved in SynRM development in one way or another till present.  
  
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Around the same time, attempts were made to develop a controller for the 
SynRM motor. Lawrenson attempted but only managed 2-speed reluctance motor 
controller. W. Fong, who had been working on induction machine control, 
attempted to implement the latest control technique of that time called pole 
amplitude modulation onto SynRM. He had attempted not only the controller but 
also developed his version of 4/6 pole reluctance motor in the process with a rotor 
cage on the circumferential [33]. The rotor peripheral iron was milled out to 
distinguish the permeance in D and Q axis via peripheral grooves, as shown in 
Figure 1-3. In order to have permeance distribution along the air-gap, the flux 
fringing method was used, and the fringing coefficient was introduced. The angles 
of each cut-off were adjusted to achieve needed flux fringing coefficient. Although 
he has experimentally verified his findings and proved its potentials, but it was 





Figure 1-3: Reluctance rotor by W. Fong with rotor cage and peripheral cut-offs 
Fong published a vital literature on the new rotor design with methods to 
organise flux barriers in the multipoles non-segmented reluctance rotor [52]. 
Although he had a superior flux barrier design similar to today’s hybrid flux guides 
shown in Figure 1-4. He could not directly implement it in the practical rotor as he 
had other limitations such as starting torque requirements. Hence, he 
accommodated the multi-barriers in his novel rotor of that time with interpolar 
grooves and peripheral slots for rotor cage. During this period, the segmental rotor 
was dominating in reluctance machine. It is the first practical non-segmented 
design and can safely be considered as foundation for today’s SynRM. 
 
Figure 1-4: 1970's single, and multi-barriers proposed by W. Fong 
Fong claimed that the new SynRM had more than 140% pull-out torque, 




equivalent IM. This SynRM had higher torque density, pull-out torque to full load 
torque ratio. On the other hand, the full load power factor was only 0.7, while 
equivalent IM had 0.87. The efficiency was generally equal to the same size IM. 
However, one of the significant milestones of the SynRM design process is 
incorporating finite element method (FEM) for machine analysis. A. Wexler 
employed FEM to investigate SynRM for the first time in 1973 [53]. The FEM 
software was one of the early generations and had many limitations in modelling 
a highly complicated and non-linear SynRM.  
 
1.2.2 Axially laminated anisotropy design 
On the other hand, A.J Cruickshank worked on axially laminated reluctance 
rotor almost at the same time as Lawrenson. He designed and developed an ALA 
rotor using a technique called Cut-C cores. A graphical version of an ALA design 
is shown in Figure 1-5. In this design, the transversally laminated design is 
replaced by C formed axial anisotropy materials. He also articulated the essential 
parameters of reluctance machine to minimise torque ripples under all various 
operations, such as the importance of optimising reactance ratio (𝑥 /𝑥 ) to achieve 
high output [45, 54]. Another type of ALA machine further investigated by S.C 
Rao in the mid-1970s [55]. Rao’s ALA design was more or less similar to the 





Figure 1-5: A 3D sketch of an ALA machine 
The grain-oriented laminations were mounted on the axial hub, as shown 
in Figure 1-7. The damper circuit operated as field voltage inducer as well as 
sudden load absorber for better dynamic loading. The earlier ALA machines 
exhibited good operating characteristics, produced excellent pull-out and pull-in 
torques and better power factor over a transversally laminated design. However, 
due to the lack of sophisticated controller at the time, the rotor cage is needed for 
starting purposes. Therefore, the ALA saliency ratio could not be improved, which 
resulted in poor machine performance. Moreover, the complicated and 
unconventional design methodology did not attract the industry.  
 





Figure 1-7: Rao's axially laminated anisotropy rotor 
The ALA rotor design concept was forgotten for almost the next two decades 
until T.A Lipo, D.A Staton, and W.L Soong revisited in the early to mid-1990s [12, 
50, 51]. Lipo clearly distinguished the differences in switched reluctance and 
SynRM machine and compared the two with IM and pointed out why SynRM stands 
out among the three [12]. He also developed the widely used torque relationship 
of SynRM for axially laminated design Eq. (1.2) through to (1.7). In the same 
reference, he introduced a new type of motor with axial lamination and axial 
permanent magnets and called it PM assisted SynRM, which will be discussed in 
the subsequent section.  
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D.A Staton et al. published a critical article on improving the saliency ratio 
of both ALA and TLA designs and used vector and field-oriented controller for 
SynRM [56]. It identified the importance of the saliency ratio and direct connection 
with machine performance parameters. It also recognised that the saliency ratio 
of the rotor cage compromised its performance and proposed to use a vector 
controller instead of the rotor cage for starting purposes [50]. For the first time, 
the SynRM was identified as a replacement for vector-controlled IM, especially ALA 
design. The reference goes further and develops a relationship of saliency ratio 
and lamination thickness, Eq. (1.8). Based on the new saliency ratio derivation, 
the authors claimed to have unsaturated maximum saliency ratio of 60 for their 
ALA machine, which is a lot more than the Kostko’s prediction of 25.  
 𝜉 1  (1.8)
Where 𝑡  is flux barrier as segment thickness and 𝑅/𝑔   is typically a 
constant  
Although the authors distinguished that ALA design has better anisotropy 
compared to equivalent TLA, the ALA design performance only matches an 
equivalent IM using an inverter fed controller. However, the ALA machine has 
shown relatively good operating characteristics such as high torque density at low 
speed compared to an IM but in the order of 10-15 % with higher efficiency and 
wider speed range. W.L. Soong published a key article on ALA design which not 
only discussed the ALA rotor and other PM machines but also comprehensively 
analysed the field-weakening performance for a wide speed range of 7.5:1 [51]. 
He followed T.A. Lipo’s suggestion on using PM assisted axially laminated 




rated to 7.5 kW to achieve 10:1 constant torque for his PM assisted ALA rotor 
experiments. The machine has pre-fabricated poles with interleaved laminations 
mounted on to the rotor shaft using bolts, as shown in Figure 1-8 for his 
experimental work. He identified the limitations on saliency ratio and defined 
requirement for field-weakening operation and also defined intrinsic magnetising 
saliency ratio as Eq. (1.9) which is the maximum possible saliency for a given 
rotor. He claimed that the unsaturated saliency of a machine is in the range 
of  0.2𝜉  𝜉 0.4𝜉 . His machine achieved an unsaturated saliency of 11.5 and 
successfully ran the machine with wide range field weakening region.  
 𝜉   (1.9)
  
Figure 1-8: Axially laminated rotor topology and prototype rotor by W.L Soong 
He also analysed designs with higher number of poles and its influence on 
rotor saliency and proposed four-pole for better practical construction and optimal 
saliency. Although he employed a four-pole machine, but suggested that larger 
machine sizes with a higher order of poles could yield better machine performance 
due to the smaller flux path and reduced saturation. However, due to the lack of 
advanced power electronics controller, he also could not achieve wider range field-
weakening characteristics on SynRM instead suggested to use PMs in along the 
axial direction. Since the above-mentioned publications on axially laminated 





The ALA anisotropy demonstrated reasonably good operating 
characteristics, better saliency ratio, better low-speed performance, high torque 
density, and power factor even without highly advanced controllers. Nevertheless, 
the design was not recognised by industry due to the challenges involved in 
manufacturing. This type of machine structure requires entirely new fabrication 
techniques, machining tools and new investment. However, all other AC machines, 
including PM synchronous machines, follows similar manufacturing technology as 
any other conventional AC machine which is stamping or wire-cutting.  
 
1.2.3 Transversally laminated anisotropy SynRM 
Traditional AC machines were manufactured using a technique called mould 
or stamping. In this process, the electrical machine laminations including for 
transformers, are cut, and transversally stacked as shown in a 3d sketch in Figure 
1-9. When it comes to the reluctance machine in the 50s and 60s, the researchers 
seem to prefer axially laminated design due to the influence of segmental design 
during that time. The segmental design, although complicated for mass 
manufacturing, it was somehow easy to prepare for a prototype at labs which is 
acknowledged by T.J.E Miller and D.A. Staton [72]. 
On the other hand, the TLA design requires a proper mould or stamping 
tools to prepare which was costly, cannot be prepared at the lab and need good 
finishing in order to achieve precious air-gap length. With the introduction of flux 
barrier design with peripheral slots and circumferential grooves by W. Fong in the 
late 1960s, the TLA design was gradually presented. However, due to the 
challenges in controlling and achieving high torque density of the same or above 





Figure 1-9: A 3D sketch of a modern TLA machine 
The next phase of development starts in the late 80s through three crucial 
researchers in the field of reluctance machine T.J.E Miller [10, 13], M. Nagrial et. 
al. [73-77] and A. Vagati. By this time, electrical machine control technology has 
been already developed with advanced power electronics and digital controllers 
while PWM, slip control and field-oriented control were already popular and widely 
used in IM and other PM machines.  
Miller identified the gap in reluctance machine of that time and also 
recognised that so little development had been done in the cage-less reluctance 
motor. Although he was interested in control, but designed a rotor without a cage 
while controlling it using field-oriented control techniques [10, 13]. Contrary to 
the traditional convention, he used the low reluctance axis as quadrature axis and 
vice versa due to the selection of IPM rotor geometry to replace SynRM for 
experimental purposes. Although he claims it is more consistent with SynRM 
theory, the saliency ratio equation had to be inverted, and the phasor diagram 
also modified to suit the adopted convention [13]. His experimental results with a 
single barrier IPM rotor proved that SynRM had high torque density compared to 
IM and suggested to use the axially laminated design for better saliency ratio. He 
did not utilise the full potential of transversally laminated SynRM with multi-
barrier. Miller and Staton published another article that investigated various 
parameters of SynRM and proposed practical suggestions to design rotor to 




They have concluded that the multi-barrier transversally laminated rotor is 
impractical and proposed to use ALA structure due to its simplicity. The significant 
thing to note, those two articles employed FEM to simulate a practical problem. In 
the same time, Nagrial et al. had been working on both solid and TLA rotor types 
since the late 1980s, as shown in Figure 1-10. Their design focused on improving 
the torque density and pf by maximising the inductance ratio by employing a Q – 
axis grooves in the rotor peripheral, as shown in Figure 1-10 (a).  
They have experimentally verified that the SynRM TLA rotor that employs 
flux guides and grooves can perform better than that of IM [9]. A few years later, 
a comprehensive FEM study was performed but on segmental design [74]. The 
literature, although dealing with the improvement of machine performance, 
primarily focused on enhancing saliency ratio through optimising magnetic circuit. 
Unsaturated saliency ratio of 16.2 was reported in a segmental design. Although 
their primary focus was testing a multi-barrier TLA rotor, they could not be able 
to test it on prototype due to the manufacturing difficulties. 
 
Figure 1-10: SynRM machine of Nagrial et al. in the 1990s (a) single flux guided rotor 
with peripheral grooves (b) prototype of the segmental rotor 
The literature focusses on having higher reluctance in the Q axis and lower 
reluctance on the d axis instead of focusing on the placement of the barrier as 
they already had enough challenges in fabrication. They overlook the importance 
of the barrier placement, thickness, barrier to segment ratio, the optimum number 
of barriers, barrier to barrier thickness, insulation ratio, aligning barriers to stator 





Vagati who had been working on control and design of conventional AC 
machine, published a research paper on reluctance machine jointly with I. 
Marongiu in 1991 [78]. It, starts with, drawing the basic questions relevant to the 
challenges faced by SynRM developers of the time to improve its torque per 
volume and flux weakening feature above the equivalent IM. Those were, how to 
achieve 𝐿  and method to minimise  𝐿 , how to minimise the iron losses in the 
rotor due to stator slotting how to align the barrier to stator teeth. A mathematical 
model for a slotted stator and rotor anisotropy developed and a practical rotor 
with multi-barriers in two and four poles analysed in this paper. Their rotor design 
is shown in Figure 1-11. The rotor is somehow similar to W. Fong’s rotor (Figure 
1-4), without the rotor cage, peripheral grooves, and circumferential slots. 
Instead, they virtually introduce tangential ribs to connect the steel segments.  
The vital features of this design are the varying barrier thickness, cut-off at 
the end of Q axis to increase the saliency ratio (even though it was not mentioned 
in the paper) and attempt to minimise ripples by strategically placing the barriers 
concerning stator teeth [79]. The flux linkage oscillation in the rotor peripheral 
was mainly attributed to the iron nearer to the rotor surface, which is the stator 
teeth. The mathematical theory intensive paper opened the doors for further 
development. 
 
Figure 1-11: Vagati's five-barriers and two barriers per pole SynRM without rotor cage  
He published another article where he categorised his rotor as segmental 
type [80]. Besides, he distinguished the difference between flux barrier design 





and distributed anisotropy due to the non-magnetic material distribution. A stator 
tooth distributed anisotropy, rotor segments, tangential ribs are introduced. The 
paper also highlighted concerns about the mechanical integrity of the rotor due to 
tiny ribs and compromising saliency ratio due to the rib size. It also introduced an 
optimisation technique to improve SynRM performance. Although he called it a 
segmental design in [80], it is transversal anisotropy due to the presence of rib, 
as shown in Figure 1-12. He had acknowledged this structure is transversally 
laminated anisotropy six years after in his paper [81]. Since then, he has published 
numerous papers on improvement, optimisation, and control of SynRM [78, 82-
86]. 
   
Figure 1-12: Vagati's realistic SynRM and rib profile in the early 1990s 
In the meantime, he had continuously been working on the improvement 
of SynRM with his team. The theoretical estimation and improvement of torque 
ripples was published in 1993 [87] which investigated the ripple mechanism of a 
multi-segment structure. The fluctuations due to stator-rotor interaction was 
defined. The stator magnetic potential modulation had been derived concerning 
the modulated D-Q axes inductances Eq. (1.10) through to  (1.15), where Δ𝐿 , 
Δ𝐿  and Δ𝐿  defines the modulated stator potential behaviour with respect to 
rotor segment and stator tooth [87].  
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 𝐿 𝜗  𝐿  Δ𝐿 cos 𝑝𝑞𝜗   (1.12) 
 𝐿 𝜗  𝐿  Δ𝐿 cos 𝑝𝑞𝜗    (1.13) 
 𝐿 𝜗  Δ𝐿 sin 𝑝𝑞𝜗    (1.14) 
𝜆 𝐿 𝜗 𝑖    (1.15) 
In addition, the torque behaviour relationship was derived from co-energy 
by neglecting magnetic non-linearity for a 3ph as in Eq. (1.16). The second term 
corresponds to machine torque ripples. The first term corresponds to the average 
torque, and the second one is the torque pulsation with respect to the rotor angle. 
Although the skew method is attempted, a complete reduction of ripples in SynRM 
is impossible due to the anisotropy and has been theoretically proven by Vagati 
et al. Besides, he had drawn a new relationship between ripples and number of 
stator slots. He has proven that increasing slot number reduce the modulated D, 
Q and cross inductances. 
𝑇
`
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1.2.4 Modern SynRM 
Although many researchers have proposed TLA design, it was Vagati who 
established the mechanically rugged, high torque, acceptable pf with reasonably 
reduced ripples in 1998. Transversally laminated anisotropy was selected over 
axially laminated structure due to its simplicity and performance. While ALA has 
inherently more advantages over TLA design, the simplicity of TLA structure 




structure can be manufactured using either the same stamping technology (it has 
slightly high tolerance) or wire cutting techniques (medium speed wire-cutting can 
have tolerance of up to ± 0.01 mm) using the existing machining tools. Moreover, 
it uses the same stator, winding and frames. Thus, it does not require new 
investment. The tangential and radial ribs provide mechanical integrity to the 
segments of the rotor, as shown in Figure 1-13. The combination of TLA design 
and sophisticated field-oriented controllers provide greater freedom for designers 
to optimise rotor dimensions in such a way the direct and quadrature axes 
induction ratio can be maximised. 
 
Figure 1-13: Vagati's first TLA design 
The reference [81] revealed that SynRM could be designed to have a 
tolerable torque pulsation of 5 – 10 % without skewing or other additional 
arrangements while achieving full torque per volume with reasonably good power 
factor in a TLA structure [88]. Besides, the controlling of SynRM motor using a 
field-oriented controller exhibited superior dynamic behaviour in the wide field-
weakening range [89]. One of the major electrical machine manufacturers, ABB 
introduced their complete SynRM product line, ranging from small as 1.1 kW to 
350 kW [20]. 
However, the SynRM’s drawback such as high torque ripples and low power 
factor still need to be improved to match other machines. The applications, such 
as electric or hybrid electric vehicle, require great low and high-speed 
characteristics with reduced torque ripples for smooth operation.  It has been 




acceptable level by optimising rotor dimensions and barrier placement [68, 90-
94]. The distribution of air-gap 𝑚𝑚𝑓 by proper barrier placement is critical to 
reduce the ripples [81, 88, 95].  
The asymmetrical barrier design has also been suggested to reduce torque 
ripples [91, 96]. Another approach to reducing ripples is segmented lamination 
topology [97, 98]. Another technique is employing concentrated winding to 
minimise the ripples, which is not the scope of this thesis [99]. Lately, the 
researchers have suggested optimising the barrier dimension for better machine 
performance, including pf [100-103]. The reference [104] has shown that 
optimisation of torque density improves the power factor also, but it did not 
consider the torque ripples. Therefore, a single-objective optimisation either 
torque or power factor is not enough to yield a high-performance machine as 
discussed later in this thesis. 
On the other hand, a single-objective optimisation for torque ripples 
improves the power factor and the torque. The high insulation ratio is also 
suggested for high power factor, but increasing the insulation ratio beyond a 
certain level reduces machine performance due to high reactance and saturation. 
High power factor, relatively low torque ripple and high torque density can be 
achieved by adding PMs to SynRM [21, 105-116] to produce a high-performance 
machine whose performance can be compared with brushless PM machines. 
 
 
1.3 Evolution of PMSynRM 
Although permanent magnet usage in electrical machines has a long history 
but it has been used in SynRM only from the early 1990s [12]. T.A. Lipo suggested 
to use PM in the axially laminated rotor barrier cavities in order to overcome the 
drawbacks of SynRM of that time as well as to enhance the machine performance. 
The SynRM was slowly getting attention during the early 1990s. The machine 




motor. However, the high torque density was achieved by increasing the current 
by √2 of the machine of that time. It imposed unwanted stress to the inverter and 
resulted in poor power factor [12]. Lipo suggested using sandwiched magnetic 
bars in axially laminated rotor between axial laminations sections to increase the 
torque of SynRM without increasing supplied current, as shown in Figure 1-14. 
However, the insertion of PMs has not only increased the torque density but also 
improved the power factor and reduced torque ripples [107, 117-125].   
The new machine is called permanent magnet assisted synchronous 
reluctance machine (PMSynRM). The D – axis flux magnetises the SynRM core, 
and the PMs are merely used for obstruction of the Q – axis armature reaction in 
a typical PMSynRM. Ferrite magnet or a similar low-grade magnet was suggested 
with a relatively small amount of flux for the early version of PMSynRM. 
 
Figure 1-14: Lipo's first PM assisted synchronous reluctance machine 
The torque density can be increased by 25 % to 30 % more if rare-earth 
PMs are used. The added PMs can push the resultant flux into the fourth quadrant 
that moves the voltage vector of the machine into the first quadrant. As a result, 
the angle between voltage and current vector can be minimised to almost  0°. 
Thus, the power factor of this machine can be quite high if rare-earth magnets are 




which is given in Eq. (1.17). The PMSynRM torque is defined by Eq. (1.18) where 
the PM flux in negative Q axis direction is accounted. 
q q q pmL i    (1.17)
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The PMs in an ALA design is rather challenging and complicated. It requires 
a separate mechanical arrangement but also require modification of PMs for proper 
bolting to strengthen its mechanical integrity, especially for high-speed 
applications. Researchers prefer TLA structure over ALA due to its simplicity in 
mounting PMs and ruggedness. The structure does not need an extra arrangement 
to mount PMs, and barriers can be sized to accommodate PMs, as shown in Figure 
1-15.  
 
Figure 1-15: Arrangement of permanent magnets in the TLA rotor 
Since the early 90s, the development of PMSynRM gained importance due 
to simplicity of the TLA rotor structure, increased torque, improved power factor 
and low-cost ferrite magnets. Although PMs were initially proposed to minimise 




improve machine power factor and torque ripples. T.M. Jahns and W.L. Soong 
proposed PMs for improving synchronous machine performance while reducing 
torque ripples [126]. Although it targeted conventional PM machines, it was also 
applicable to PMSynRM. Since then, PMs are used to enhance SynRM machine 
performance [105, 113, 127, 128].  
One of the first literature on using PMs for high performance  experimentally 
proved that the power factor of above 0.9 could be achieved [117]. The impact of 
PMs and hysteresis losses were studied using FEM and reported that losses due to 
PMs are negligible [118, 129]. A TLA PMSynRM was practically experimented in  
for various PM volume [130]. The PMSynRM was tested for 1:5 wide speed range 
and claimed that the machine could perform better than the SynRM with added 
PMs. It also distinguished the reluctance torque and magnet torque produced by 
the machine for each test with a change in PM quantity, as shown in Figure 1-16. 
It was claimed that the danger of uncontrolled generator mode stalling is less in 
this machine [131]. The researchers tried to reduce the Q axis flux linkage by 
providing relatively larger PM into barrier closer to the shaft in a four-barrier 
structure. The experiment intended to reduce the losses of SynRM and increase 
efficiency by inserting PMs, and claimed to achieved 3.6 % more efficiency. 
 
Figure 1-16: PMSynRM of the early 2000s 
In a key paper, they had calculated flux linkage by voltage integration in 
the field-weakening region and flux current by tracking rotor saliency in the low-




weakening characteristics of the machine are experimentally presented. The 
literature claimed that PMSynRM could be controlled at standstill condition while 
the machine also demonstrated very large constant power range with accurate 
dynamic behaviour. The reference pointed out that the machine has a weak no-
load characteristic. Instantaneous steady-state flux linkage, by added PMs at 
online, is an important parameter for design machine controller [133-135]. This 
method is virtuous for achieving fast dynamic controller for high-performance 
applications. Since then, the motor has been intensively researched for various 
application, especially electric and hybrid electric vehicles [135-140].  
The effort by N. Bianchi et al for recent development in PMSynRM and 
SynRM are worth noting [108, 120, 141-147]. Their literature on asymmetry 
barrier design with alternative poles  for torque ripples minimisation is critical 
[144]. They have provided a solution by combining asymmetry barriers of opposite 
poles to compensate 12th order harmonic for further minimisation of ripples. He 
called it Machaon rotor topology. They have also employed multi-objective 
optimisation to optimise PM for wide constant power operation [120, 145]. 
The other PM machines such as surface-mounted and interior mounted 
permanent magnet machines, have extended history. They have already been in 
mass production and used in various applications including electric and hybrid 
electric vehicles and proven to be highly effective in certain applications. However, 
the development of PMSynRM has been rather slow in comparison to those 
machines. PMSynRMs can perform better due to its hybrid torques with degree of 
freedom in the design. It can be more cost-effective due to the usage of either 
low volume high-grade PMs or higher volume of ferrite magnets. 
 
1.4 Synchronous Reluctance Machines (SynRM) 
The synchronous reluctance machine (SynRM) unlike other conventional 
electrical machines, operates based on the difference in reluctance. SynRM has 
the same stator of AC conventional electrical machines with sinusoidally 




less and rugged structure made of electromagnetic steel [31, 48, 85, 148]. It is 
an alternative to induction machine (IM) with high reliability and less maintenance 
for the long run [149-152]. SynRM is already available in as small as 1.1 kW to as 
high as 375 kW [21, 153]. Due to the absence of rotor cage and coils, the 
machine’s inertia is reduced and losses cut by significant per cent resulting in high 
efficiency and high torque density in comparison to its counterpart induction 
machine. Moreover, the rotor heating effect is relatively low in this machine [153, 
154].  
The rotor can have two types of anisotropy one is axially laminated 
anisotropy (ALA), and the other is transversally laminated anisotropy (TLA). 
Although ALA exhibits better magnetic saliency than transversally laminated 
structure when used with grain-oriented electromagnetic thin steel laminated 
axially, but the construction is rather complicated and expensive [45, 51, 69, 70]. 
The TLA design exhibits similar machine performance through rugged rotor with 
high mechanical integrity and less manufacturing complexity [155-161].  
The TLA design is manufactured by either circular wire cutting technology 
or stamped grain-oriented pieces stacked together and heat pressed on the shaft. 
A detail view of four-pole SynRM with the conventional stator, coils and four barrier 
rotors with radial and tangential ribs is shown in Figure 1-17. A practical stator, 
rotor and coil windings are shown in FEM program with precise details such as 






Figure 1-17: A detail view of synchronous reluctance motor 
The primary machine design parameter is the saliency ratio or differences 
in saliency in the SynRM design process Eq. (1.19). The saliency ratio is the ratio 
of direct and quadrature axes inductance used as a machine design parameter for 
machines with magnetic saliency [50, 104, 152, 162-164]. As there are no rotor 
coils or PMs in the rotor, the only excitation is via multiphase sinusoidally 
distributed supply. The higher saliency means, better torque and pf in SynRM. 
Hence, it is the primary design intent in the machine design process to achieve 
high saliency. The D axis flux linkage should be increased as high as possible while 
minimising the Q axis flux linkage to as low as possible.  
 𝜉   (1.19)
Figure 1-18(a) shows a rotor with high permeability or low reluctance in the 
direct axis and low permeability or high reluctance in the Q axis so that the flux 
linkage from air-gap can be entirely directed into D axis, as shown in Figure 
1-18(b) [79, 165-171]. In order to achieve high reluctance in the Q axis, the axis 








flux passage via this axis. Therefore, the SynRM rotor should be designed with 
multi flux guides (also called flux barriers) along the quadrature axis. Although 
eliminating the radial and tangential ribs are an ideal solution to increase the 
reluctance in the Q axis, but they are essential for the mechanical support between 
rotor segments, as shown in Figure 1-19. Therefore, the design of ribs and webs 
are significant in the design process to achieve both high mechanical integrity and 





Figure 1-18: A four-pole SynRM with (a) primary D - Q axes and (b) D axis flux path are 
shown 
On the other hand, the SynRM generally has a relatively low power factor 
and high torque ripples [101, 144, 172-174]. These drawbacks can be overcome 
by careful selection of rotor flux guides and optimising the rotor dimensions. Figure 
1-18 shows a four barrier and four-pole reluctance rotors with the stator of 36 
slots. The rotor has tangential ribs and radial webs arrangement. The magnetic D 






Figure 1-19: Tangential ribs and radial webs of a SynRM rotor 
The control of a SynRM is generally precise, and faster in comparison to the 
induction machine due to the absence of slip. Its linearity in maximum torque per 
ampere (MTPA) region and good flux-weakening ability in the constant power 
region makes it a better candidate for direct torque control [62]. It can also be 
controlled using the conventional VFD/VSD, although a unique controller can also 
be used. The direct torque control method of SynRM has the ability to start the 
motor with reasonably high torque and fast response even at low speeds [175-
180].  
Figure 1-20 shows the control regions of selected SynRM where the torque 
is constant up to the rated speed and power is constant for speeds above rated 
speed (field weaken region). Its linearity with D and Q currents allows the torque 
to be linear at MTPA region (also known as constant torque region). However, the 







Figure 1-20: Constant speed constant power regions of SynRM 
In constant power region, the machine voltage is maintained at maximum 
available from the inverter to maintain the constant power. Its fast and precise 
control over a wide speed range makes it a good candidate for electric vehicle 
applications [16-18, 181]. Figure 1-20 shows the torque-speed curve of the 
investigated machine (rated torque of 7 Nm and rated speed of 1500 rpm) at 
MTPA and field-weakening regions. The torque is constant between 0 and 1500 
rpm, and it reduces with speed. On the other hand, the voltage is maintained at 

















































1.5 Permanent Magnet Assisted Synchronous 
Reluctance Machines  
The SynRM machine becomes permanent magnet assisted synchronous 
reluctance machine (PMSynRM) when PMs are inserted into its flux barriers. PMs 
are introduced to obstruct flux in the Q axis direction. Hence, the radial and 
tangential ribs can be saturated. Consequently, the PMs improves the saliency 
ratio resulting in higher torque and power factor [112, 121, 125, 142, 182]. An 
appropriately sized PM at an optimised location can also improve the torque ripples 
[19, 106, 173]. The magnetic torque component is introduced along with 
reluctance torque by the addition of PMs. The resultant machine has a combination 
of reluctance and magnetic torque components.  
Thus, there are numerous possible designs available for PMSynRM within 
the two extreme ends, one with just reluctance torque, and the other with only 
magnetic torque [21]. There is slight confusion between interior permanent 
magnet machines and PMSynRM. The interior permanent magnet machine is 
similar to PMSynRM in terms of the design process as well as structure [21]. 
However, both are distinguished by the magnitude of the PM flux. If the PM flux 
dominates, then the machine is called IPM and if the reluctance torque dominates, 
then the machine is called PMSynRM. In general, a PMSynRM has around 25 % to 
30 % PM flux torque.  
A PMSynRM has less PM volume compared with an equivalent IPM. Figure 
1-21(a) shows a sketch of D and Q axes flux linkages in a PMSynRM and the PM-
induced flux that opposes the Q axis flux at the air-gap. As a result, a high 
reluctance is created along axis, while PMs does not affect the D axis flux path. 
Figure 1-21b shows the D axis flux path in the simulated model where the PMs 
assist slightly to direct the flux towards the Q axis. An expanded view of saturation 
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Figure 1-21: Flux path of PMSynRM shown in (a) sketch demonstrates D axis, Q axis flux 
path and PM flux (b) D axis flux linkage in a simulated environment (c) An expanded 
view shows how the tangential ribs are being saturated 
The insertion of PMs reduced the Q axis flux linkage significantly, and it is 
shown in Figure 1-22 at a rated condition. The results are obtained from the same 
rotor, but one with PMs inserted. PMs in the flux barrier not only reduce the Q axis 
flux linkage but also slightly reduced D axis flux due to the residual PM flux along 
the D axis as can be seen in Figure 1-21b. The saturation and crossed saturation 
due to radial and tangential ribs, and for varying currents are shown in Figure 
1-23.  The saturation due to current is visible in the figure. SynRM’s Q axis flux 
increases with current and experiences saturation at a specific current. Then the 
rate of change of the flux is quite low as the ribs are already saturated. Whereas, 
the D axis flux experiences saturation quite later than Q axis flux and experiences 
(a) (b)
(c) 





high saturation. Beyond this point, the increasing current does not contribute to 
machine efficiency. 
 
Figure 1-22: D and Q Axes flux linkages of both SynRM and PMSynRM 
On the other hand, PMSynRM’s Q axis flux is saturated even before the 
current is applied due to the added PM flux. D axis flux of this machine begins to 
saturate at lower current compared with SynRM and regularly experiences 
saturation. Thus, it should be operated with quite lower currents compared with 
an equivalent SynRM to have high efficiency. The DQ flux linkages are shown in 
Figure 1-22 and Figure 1-23 are obtained for a PMSynRM and equivalent SynRM 




























Figure 1-23:  D and Q axis induction saturating as supply current increases 
In general, a SynRM is controlled by current controllers, hence susceptible 
to saturation caused by the overcurrent. The currents, up to 8 A, are simulated 
and the saturation in SynRM is shown in Figure 1-23. Although the D axis flux 
linkage of PMSynRM is slightly lower at rated condition (𝐼 =4.1 A), it gradually 
increases with currents. On the other hand, 𝐹   of SynRM experiences a high rate 
of change at lower currents due to the optimised magnetic path, but then suffers 
high saturation and decays to a constant value. 𝐹  of SynRM suffers slight 
saturation before it becomes steady with currents. However, 𝐹  of PMSynRM does 
not suffer saturation as the ribs have already been saturated due to PM flux before 
the current is applied.  
Although PMs are suggested for minimisation of quadrature flux linkage, it 
can also be used to inject D axis flux linkage [108, 111, 115, 134, 183, 184]. The 
PMs along an intermediate axis can divide flux into longitudinal and transverse 
flux that can be distributed to both D and Q axes. Consequently, the addition of 






















1.6 Research Motivation and Goal 
The ultimate goal of this research is to increase the performance of SynRM 
and PMSynRM. In recent times, local and international standards are tightened to 
improve the machine efficiency. The premium standard is also known as IE4 
(adopted by most of the countries) requires significantly higher efficiency, as 
shown in Figure 1-24 [1, 2]. The efficiency of larger machines is already quite 
high, and above the 90 % mark. The machines of over 100 kW are already above 
the 95 % efficiency range, as shown in Figure 1-24. The larger machines have 
high degree of freedom in terms of design, with larger frame size so that the 
barriers and ribs can freely be designed. On the other hand, the smaller size 
machines (below 5 kW) does not have enough room in the rotor space to have 
optimal barrier widths. 
The smaller machines often operate at the lower end of 80 % efficiency. 
These are the machines that dominate the industry as well as household 
applications. Thus, their efficiency must be increased as high as possible not only 
to comply with the international standards, but also to reduce the operational cost, 
and environmental impacts. On the other hand, as already discussed, the usage 
of rare-earth permanent magnets is not encouraged anymore.  
 





The PM machine industry is looking for an alternative machine that can 
match the characteristics of IPM or SPM machines. The electric vehicle industry 
has been growing in recent times and expected to take over the internal 
combustion engine by 2030. The electric vehicle industry uses either surface-
mounted PM machines or interior permanent magnet machines predominantly. 
Both machines are PM synchronous machines with a significant amount of rare-
earth PMs. There are two types of rare-earth magnets available, one is 
neodymium, and the other is samarium cobalt magnets. Neodymium magnets are 
quite popular due to its high magnetic field and coercive force. A high-grade 
sintered neodymium magnet (𝑁𝑑 𝐹𝑒 𝐵) can produce high magnetic fields.  
As of 2018, over 120,000 tons of neodymium magnets are produced every 
year [185]. The electrical vehicle industry already uses over 30 % of neodymium 
magnets. The limitation of rare-earth magnets deposits and cost of production is 
not sustainable for the booming electric vehicle industry. Therefore, SynRM and 
PMSynRM’s developments are inevitable. This study is directed to increase the 
smaller machine’s efficiency to above the premium standard level defined by 
IEC/EN60034-30[1, 2]. The primary goal of this research is to increase the 
efficiency of those two machines above and beyond the standards proposed by 
international standards and local government legislation to the marked red line 
shown in Figure 1-24.  
 
1.7 Publications and Scientific Contribution 
As part of this research study, numerous conference papers and a journal 
are published at IEEE conferences and recognised journals. In addition, four 
journals are in the process of publication along with other two conference papers 
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1.8 Organisation of the Thesis 
The thesis begins with review of existing literature and recognising 
contribution to the development of SynRM. The thesis focuses on analytical model 
and FEM simulation of SynRM. A new optimisation approach is utilised for single-




ripples of the machine. Then PMSynRM is analytically modelled and simulated in 
the same FEM environment and optimised with specially developed optimisation 
topologies. Finally, both SynRM and PMSynRM are experimentally verified using 
ten different prototypes exclusively fabricated for this study to back up the 
simulation results. 
Chapter 02: This chapter concentrates on the analytical modelling of 
synchronous reluctance machines. A detailed and complete 
phasor diagram is developed, and machine parameters are 
defined and theoretically investigated. Various machine 
parameters are analytically studied, and saturation of this 
machine is demonstrated. The machine’s non-linear magnetic 
circuit is also investigated in details. Moreover, electrical steel 
material with high anisotropy is discussed for high saliency ratio. 
Chapter 03: This chapter investigates critical machine performances in a 
simulation environment using finite element method. The chapter 
starts with proposing an advanced meshing technique for rotating 
electrical machines and then analyses the optimum flux guide to 
yield maximum performance. The SynRM with multi-barrier is 
defined using the newly found barrier type, and numerous 
simulations are performed to investigate machine operational 
characteristics. The chapter investigates a method to use 
saturation and cross-saturation to improve the machine saliency.
Chapter 04: This chapter focuses on optimisation techniques for SynRM. Single 
and multi-objective optimisation algorithms have been discussed, 
and an advanced optimisation topology is developed for a generic 
SynRM optimisation. The machine is optimised using single, and 




Chapter 05: Permanent magnet assisted synchronous reluctance machine is 
investigated both analytically and by simulation. The chapter 
reviews the rare-earth permanent magnets and their properties. 
The analytical model and the phasor diagram of the machine is 
presented. Further, two optimisation categories are studied one is 
optimising PMs in an already optimised SynRM, and the second 
one is optimising PMSynRM. The chapter also investigates the 
torque, power factor and efficiency of the machine. 
Chapter 06: This chapter focuses on experimental verification of both 
synchronous reluctance and permanent magnet assisted 
reluctance machines. A newly designed test system is used for 
this study. Ten prototypes have been fabricated, six of them are 
SynRM, two for PMSynRM investigation, and the last two are for 
torque ripple studies. Thus, comparison of the FEM simulation can 
be verified and validated. The experimental results of SynRM and 
PMSynRM are presented and compared with FEM results. 
Moreover, the torque ripple investigation is also experimentally 
verified, and the simulation results are backed up by the test 
results. 
Chapter 07: This chapter concludes the research and the findings of the thesis. 










2 SYNCHRONOUS RELUCTANCE MACHINES 
 
2.1 Introduction 
This chapter presents the basic principles of SynRM and defines its 
operating characteristics. The SynRM studied in this thesis is a 3ph balanced 
system unless otherwise mentioned. Thus, the sum of the vector currents and 
voltages are zero. Hence, two magnetic axes in the DQ reference frame system is 
adequate to define the SynRM operating principle. Simplified SynRM 
characteristics are presented using the park’s transformation in the DQ reference 
frame, and it is extended for analytically modelling the machine performances. 
SynRM is, in principle, a salient pole machine due to the differences in reluctance 
between D and Q axes. It can be described via a simplified reluctance theory. Let 
us consider a single salient pole rotor placed inside the magnetised core rotates 
around a pivot, as shown in Figure 2-1(a). When the rotor is rotated by some 
angle, as shown in Figure 2-1(b), the rotor will experience a torque towards the 
indicated direction as its conservation of energy state is disturbed.  
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Where 2total gap coreR R R  , coreR - core reluctance and agpR  - air-gap 
reluctance 
In order to increase the field energy, the flux line should be shorter. Thus, 
the flux lines reach out to make the rotor straight so that the flux lines are shorter 
in length. The magnetic circuit of the system is shown in Figure 2-2. The magnetic 
flux in the core is given in Eq. (2.1). 𝑚𝑚𝑓 of the coil is constant, therefore to 
increase   the total reluctance should be reduced to maintain the field energy. 






Figure 2-2: Magnetic circuit of a single salient system 
 
2.1.1 Anisotropy structure 
The design of SynRM requires an understanding of magnetic material 
anisotropy and its grain-oriented structure. The magnetic materials are an 
isotropic structure in nature, but the magnetic steel materials used as a grain-
oriented structure in SynRM rotor is anisotropic. The incorporation of the 




results from its simulations. There are various topologies used for SynRM such as 
segmental, axially laminated, and transversally laminated structures.  
In each design, the ultimate objective is to achieve high permeance along 
the D axis and minimise the Q axis permeance. The segmental structure is no 
longer considered due to construction constraints. Therefore, it is not discussed 
further in this study. The development of axially laminated anisotropy (page: 1-
23) and transversally laminated anisotropy (page: 1-28) has been discussed. 
Understanding the two anisotropy structures is very crucial in understanding the 
non-linear magnetic circuit.  
2.1.2 Axially laminated anisotropy rotors 
The axially laminated structure (Figure 1-5) is one that has been considered 
since the late 70s but has never completely developed due to the complicated 
structure. Nonetheless, its high anisotropy is proven to be better than the 
transversally laminated structure. Besides, its inherent ability to have distributed 
flux barriers with minimum cross saturation (no ribs) helps to achieve better 
machine performance. Its saliency ratio is high in comparison to other structures. 
Hence, it offers excellent performance such as torque per volume, power factor 
and efficiency [67, 186].  
Furthermore, the combination of interleaved and tiny laminated structure 
and optimisation technique can minimise its ripples effect better than that of TLA 
design. The disadvantage of the structure is that the design requires radial webs 
in between the flux barriers and steel segments to provide mechanical support 
against radial forces. The thicker the radial webs, the more mechanically stronger 
the rotor. However, the webs act as a flux carrier in the Q axis path and increase 
permeance along this axis. It increases the  𝐿 , resulting in reduced saliency ratio 






2.1.3 Transversally laminated anisotropy rotors 
The modern machines are transversally laminated anisotropy due to their 
ruggedness and simple structure. By merely producing laminations, preferred 
segments of flux guides and barriers are achieved via this anisotropy design, as 
shown in Figure 1-9. The required segments are achieved by introducing radial 
webs and tangential ribs that also provide a mechanical connection between each 
flux carrier. The introduction of ribs and webs also adds some Q axis flux linkage. 
Thus, the size is vital in TLA SynRM design process. Slightly oversized ribs can 
significantly improve the Q axis flux linkage while the undersized ribs can reduce 
the mechanical integrity of the rotor. The ribs shall be designed to saturate for 
lower current in order to minimise flux through.  
Although the ribs and webs contribute a little amount of flux linkage, it is 
acceptable if they are appropriately sized and optimised. The ribs help to minimise 
ripples. Due to the ribs, the rotor is completed with circumference layer that 
minimises fluctuation of flux in air-gap. TLA structure offers saliency ratio of above 
10 for multi-barrier designs when the number of poles is less than 6. The two 
structures differ in terms of machine performance, only by the ability to produce 
the right shape and size of barriers and flux carriers. Other than its anisotropy 
structure, they are similar in terms of machine characteristics. 
 
 
2.2 SynRM Basic Operating Principles 
In typical caged induction machine, the stator 𝑚𝑚𝑓 induces the current in 
the rotor cage. The induced current produces rotor mmf that revolves with a slip 
in asynchronous with the stator  𝑚𝑚𝑓. The machine’s air-gap 𝑚𝑚𝑓 is the resultant 
of both stator and rotor mmf which is responsible for developing electromagnetic 
torque in IM. However, unlike IM, the SynRM torque is produced purely by 
differences in reluctance in the rotor geometry. It employs the same stator, but 




rotor 𝑚𝑚𝑓, and the only 𝑚𝑚𝑓 is by the stator. The D axis has high permeance, and 
the flux linkage via the air-gap finds a passage through this axis and the rotor 
with rotating magnetic flux. Thus, the machine is in synchronism with the 
stator 𝑚𝑚𝑓. The permeance and inductance of SynRM are further explained in 
detail in section 2.2.1. 
As demonstrated in section 2.1, the rotor is locked into stator 𝑚𝑚𝑓 at no-
load condition. When the machine is loading, the rotor is dragged from its low 
energy state. In order to overcome the rotor, drag and to minimise field energy, 
the torque is produced in the system. The magnetising current 𝑖  is developed to 
counteract against the drag. The magnitude of 𝑖  depends on the load. The 
magnitude of 𝑖  is 0 at no-load condition.  The following section discusses 3ph to 
DQ transformation especially in SynRM. The three-phase sinusoidally distributed 
stator is typically converted to the reference frame for simplification called D and 
Q frame using Park’s transformation. The system is transformed from 3ph to 𝛼𝛽 
coordinate first and then it is converted to DQ frame for simplified analyses. A 
single salient pole, shown in Figure 2-3, is selected for the analysis. The electrical 
reference angle between 𝛼 and DQ frame is 𝜗. The rotating speed with respect to 
a reference angle can be derived as given in Eq. (2.2). 
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The DQ and zero conversion of SynRM after removing rotor coils from Park’s 
transformation is given in Eq. (2.5) to (2.7). A balance 3ph system is considered 
for the conversion. Therefore, zero term will be 0 and ignored in the conversion.  
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Where; T i t     
2.2.1 Direct and Quadrature axis inductances and saliency  
In order to improve the effectiveness of the reluctance concept, SynRM is 
designed to have high permeance along the D axis to allow magnetic flux passage 
while it should be opposite for Q axis. In other words, the reluctance of the D axis 
shall be reduced as low as possible. On the other hand, the flux linkage path of all 
other magnetic axes shall be obstructed. SynRM has only two magnetic axes, as 
shown in Figure 1-18. The reluctance in the Q axis must be reduced to as low as 
possible. It will increase the D axis inductance 𝐿  and reduce  𝐿 . Hybrid barrier 
structure in TLA rotor provides the required machine specification but only if it is 
properly designed. An increasing number of barriers will increase the insulation 
ratio of pole space and hence, increase the saliency ratio. However, the higher 
number of barriers will not help to achieve high machine performance, discussed 
in detail in the subsequent sections.  
The inductances are derivative of flux linkage with respect to its current and 
given in Eq. (2.8). Because the inductances are a function of DQ currents, the 
saliency ratio can be written as a function of currents as in Eq. (2.9). Thus, the 
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The primary parameter of SynRM that define the machine performance is 
its saliency ratio or the differences in the inductances. The power factor of SynRM 
is proportional to the saliency ratio, and the torque is a function of the difference 
in inductance as given in Eq. (1.7). Thus, the saliency ratio becomes a primary 
design parameter in SynRM. The higher saliency ratio will increase the differences 
in inductance, consequently machine power factor and torque. The low-speed 
control and sensor-less control techniques are possible in a SynRM with high 
saliency by tracking the stator current at low and high-speed regions [187]. 
2.2.2 Saliency comparison of electrical machines 
Magnetic saliency produces reluctance torque in SynRM. On the other hand, 
PM machines have just magnetic torque where the saliency is not a significant 
parameter. A surface-mounted PM machine (Figure 2-4(a)) does not generate 
magnetic saliency. Its saliency is 𝜉 ≅ 1 (where  𝐿 ≅ 𝐿 ). The SPM does not have a 
barrier arrangement to obstruct the flux path in the Q axis. Therefore, the flux in 
this direction does not have to cross any barrier that causes higher  𝐿 . Whereas, 
the D axis has incremental permeability towards the air-gap resulting in reduced 
𝐿  that leads to a non-magnetic salient rotor. 
On the other hand, a SynRM that employs hybrid barriers, as shown in 
Figure 2-4(f) creates a distinguished flux path between D and Q axes. The self-
explained name barrier, act to stop flux in the Q axis resulted in the different 
magnetic circuit within the two magnetic axes. The higher number of barriers 
increase the effectiveness of the generated magnetic saliency.  SynRM can 
generate saliency ratio of above 10 to achieve high performance if the barriers are 
optimised. The other machines shown between those two extreme ends are PM 
machines (Figure 2-4(b-e)) and does not require high saliency as they are 
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Figure 2-4: Saliency comparison of PM and SynRM 
 
 
2.3 Non-Linear Magnetic Circuit of SynRM Rotor 
A non-linear magnetic circuit of SynRM problem is simplified for an intuitive 
understanding. As explained earlier, the sinusoidally excited stator magnetic flux 
passes through the air-gap into the rotor via two magnetic axes, as shown in 
Figure 2-5. A single barrier SynRM is shown in the figure. The magnetic source for 
D and Q axes is shown as two separate stator components for better 
understanding, where the D axis source has the dominant magnetic flux, and the 
Q source also has undesirable flux which limits the saliency. The lines through the 
internal and external of barrier belong to the D axis, and the red flux lines are 
depicted as Q axis flux linkage. If the Q source is eliminated, the machine saliency 
will be infinity. However, it is impossible due to the rotor structure that is shown 
in Figure 2-5. However, the saliency can be increased by minimising the unwanted 

















Figure 2-5: A simplified flux linkage path in D&Q frame of a SynRM with a single barrier 
The design procedure to enhance saliency ratio should follow two directions, 
one is increasing the D axis flux linkage, and the other is minimising the Q axis 
flux. The field strength is high when the length of the flux line is shorter. As can 
be seen in Figure 2-5, the flux is high in the internal section of the barrier. Thus, 
having high iron segments along the circumference of the D axis is vital. The stator 
and rotor are magnetic steel with low reluctance material in comparison to the air-
gap. As shown in Figure 2-2, the magnetic flux passes through from stator to rotor 
via the air-gap and back to the stator. Thus, the length of the air-gap must be 
reduced to as low as practically possible.  
The current manufacturing technology can produce 0.01 mm tolerance. It 
ensures the integrity of the rotating part during high-speed rotation. However, at 
high speed, the mechanical components experience temperature rise resulting in 
some form of deformation. It is not a major issue in SynRM, and it does not 
produce much temperature as IMs due to the absence of rotor coils. Q axis flux 
can be minimised but requires a bit of effort. The most popular method is to have 
multiple barriers. From the above non-linear model, we can develop the equivalent 





2.4 SynRM Equivalent Circuit 
There are no field excitation winding presents in the SynRM. The flux 
harmonics due to sinusoidally distributed stator winding adds an additional 
component to the stator leakage inductance.  Since the SynRM is another 
synchronous reluctance machine without field winding and damper circuits, an 
equivalent circuit of SynRM can be obtained based on conventional machine 











Figure 2-6: Per phase steady-state phasor of an equivalent circuit of SynRM 
Based on the steady-state condition shown in Figure 2-6 of a SynRM, the 
vector equations can be written as given in Eq. (2.10) and (2.11). Similarly, the 
stator per phase terminal current can be given as in Eq. (2.12). 
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s ci i i   (2.12)
Where 𝑉 is per phase terminal voltage, 𝜔 is angular speed in the DQ frame 
and 𝑒 is the back electromotive force (back 𝑒𝑚𝑓).  
Similarly, D and Q axes equivalent circuit can be obtained using the DQ 




inductance in the DQ frame and given in Eq. (2.13). The DQ voltage vectors 
comprise heat loss term 𝑖 𝑟 , and energy storage components in the form of











































If the stator slotting effects are ignored in a modern SynRM machine with 
the round rotor (i.e. notch or grooves are not present in the rotor circumference), 
it can be assumed that there is no variance in the D and Q flux linkages. Hence, 
the terms  /dq     can be ignored. Thus, the final DQ steady-state equivalent 
















The per-phase terminal voltage and current of DQ vectors can be derived 
as given in Eq. (2.14) and (2.15). Using the simplified equivalent circuit in Figure 
2-8 the D and Q axes voltage vectors can be derived as given in Eq. (2.16) and 
(2.17). 
s d qV v jv   (2.14)
s d qI i ji   (2.15)
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2.4.1 Phasor diagram of SynRM 
From the above analogy, the phasor diagram of the SynRM can be obtained, 
as shown in Figure 2-9 where the core loss is ignored for the time being. SynRM 
is well known for poor power factor where the voltage vector significantly leads 
the current vector (by 𝜑) as shown in the figure. The current vector  𝐼  and voltage 
vector 𝑉  are obtained from Eq. (2.14) and (2.15). The flux vector 𝜆 in the DQ 
frame is obtained using the sum of 𝐿 𝑖  and 𝐿 𝑖 . The    𝜆   is generated by 
sinusoidally distributed field. Thus, the flux linkage is rotating with  𝜔 at sinusoidal 
distribution. If the rotor is dragged out of the conservation of energy state (a state 
it is aligned with the rotating field), the torque will be developed to minimise the 
dragged angle  𝜗. The torque will act accordingly to minimise 𝜗 → 0 as discussed in 
section 2.1. 
Therefore, the angle dragged out from the D axis is called the load angle, 




energy into mechanical energy, the angle should be kept non-zero. On the other 
hand, the current is responsible for magnetisation and torque generation. Thus, it 
becomes a control objective in SynRM controllers. The current (𝜃), load (𝜗) and 
torque (𝛾) angles are related by Eq. (2.18). The magnetic reactance in D and Q 





















Figure 2-9: Phasor diagram of SynRM in DQ frame 






























































The induced electromotive voltage is given in Eq. (2.23). Using Eq. (2.8) 
and (2.23), the electromotive voltage can be further simplified to Eq. (2.24). The 
magnitude of flux linkage space vector can be derived as Eq. (2.25). However, if 
the cross saturation is considered in the analytical model, the DQ flux linkage 
becomes as in Eq. (2.26).  
 s d qe j j j        (2.23)
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 is complex conjugate with respect to the reference frame 
 
2.5 Machine Performance Parameters 
The quality of any electrical machine is determined by its machine 
performance parameters. The two key performance parameters of AC 
conventional machines are torque and power factor. Due to its saliency, the 
SynRM’s torque ripples can be an additional performance parameter. Therefore, 
the three parameters are used to determine the functionality of a SynRM and 




section. The efficiency is the other highly important parameter as the ultimate 
goal of this study is to design a highly efficient machine.   
2.5.1 Torque 
The earlier SynRM had low torque density at starting. In order to tackle this 
drawback, a rotor cage was introduced to overcome the starting torque issue. 
However, it is no longer an issue in SynRM with modern controllers. The advances 
in power electronic controllers allow the designers to overcome the starting torque 
issue. The removal of the cage not only enhanced the efficiency of a machine due 
to the absence of rotor resistance but, also reduced rotor/shaft temperature. It 
results in a smaller cooling fan and higher reliability of the machine. SynRM has 
higher overload capacity almost three times its rated load in comparison to an IM 
[12, 187]. By means of elimination and reduction to vector form, the torque 
equation of SynRM can be readily obtained to a scaler version by applying the 
principle of arbitrary displacement to Eq. (1.1). The equation ignored slotting 
effects on the rotor inner surface and saturation on the core, for a three-phase 
machine  𝑛 3, results in Eq. (2.27). For the steady-state condition, the torque 
can be approximated using the phasor diagram in Figure 2-9 to Eq. (2.28). 
The torque can be derived using Eq. (1.4), (1.5) and (2.27) to (2.29). The 
SynRM machine torque changes as the square of the volts per Hz with the sine of 
twice the torque angle. Therefore, in theory, the maximum torque shall be reached 
at torque angle  45°. The theoretical torque of SynRM is plotted as a function of 
torque angle in Figure 2-10 for variable voltage. The theoretical derivation does 
not include slotting effects, saturation, and cross-coupling effects into 
consideration. The practical torque and torque angle relationship is studied in 
detail in section 3. It can be further derived in terms of DQ inductances as given 
in Eq. (2.30) where the torque is related to the difference in inductances and 
torque angle  𝜗.  
Because the leakage inductance is isotropic, it does not add to the torque 




the DQ frame. On the other hand, the power factor includes the leakage 
inductance, which is discussed in section 2.5.2. This is the primary reason why 
the current angle of the maximum torque (MTPA) and power factor is not the 
same. The differences in DQ flux and magnetising flux linkages are shown in vector 
space in Figure 2-11. As can be seen, the magnetising flux linkage (also 
inductance) is slightly smaller than the DQ flux linkage. 
 







Figure 2-11: DQ flux linkage and magnetising flux linkage 
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As most of the SynRM, as well as PMSynRM, are controlled by current 
controlled methods, Eq. (2.30) is very important. The torque can also be directly 
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Theoretical characteristics that neglect the stator slotting effect and radial 
webs and tangential ribs of SynRM torque is plotted in Figure 2-10. In this case, 
the MTPA trajectory follows the current angle of 45°  for change in currents. 
However, a realistic SynRM rotor carries slots in the inner circumference that 
causes reluctance fluctuation, saturation and its ribs and webs cause cross-
saturation due to the magnetic potential difference on the rotating flux path. In a 
practical machine, the saturation and cross saturation together drift the MTPA 
trajectory to a higher angle than 45° depending on the level of saturation. The 
impact of saturation is further discussed in detail in section 3.7. 
2.5.2 The power factor of SynRM 
SynRM generally has poor pf. Thus, it requires greater attention in the study 
of SynRM, which was even acknowledged by Kostko more than a century ago [5]. 




factor of the machine simply can be obtained from the phasor diagram as given 
in Eq. (2.32): 
 cospf   (2.32)
From the phasor diagram, it can be simplified as given in Eq. (2.33) by 
neglecting the stator resistance. Unlike torque, the power factor is calculated using 
𝐿  and 𝐿  that includes the leakage inductance. 













By substituting (2.20) and (2.21), and further simplification, the pf equation 
can be expressed as (2.34) and simplified as Eq. (2.35). The power factor is 
plotted against the current angle in Figure 2-12. As can be seen, the maximum pf 
is drifted from equivalent torque locus due to the leakage inductance. For a unity 
saliency ratio, the power factor is zero, as noted in the figure. Then the pf 
increases with the saliency ratio. 
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In theory, the saliency of above 9 is required to achieve pf of 0.8 at the 
current angle of around 75° and 19 for pf of 0.9 at around  78°. Almost above 10 
or more saliency ratio is needed to lift the pf from 0.8 to 0.9 that explains the 
difficulty of achieving a reasonably high saliency ratio in this machine. 
 
Figure 2-12: Power factor of SynRM with changing saliency. 
An increased pf will help to understand the optimum operating point of 
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It will yield the condition for maxima at: 
 2 2sin 1 sin     (2.38)









By substituting Eq. (2.39) into (2.35), the maximum power factor can be 
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The maximum pf of SynRM is plotted against the saliency ratio in Figure 
2-13. The power factor analysis matches the above analysis where it requires 
saliency ratio of 9 to obtain 0.8 pf and 19 to obtain pf of 0.9 for a maximum 
saliency ratio operation. Moreover, it requires infinity saliency ratio for a unity 
power factor. In theory, a power factor of 0.9 seems possible. However, in reality, 
such a high-power factor for a small power SynRM is impossible without affecting 
other machine performance parameters. The only way to achieve high power 
factor in this machine is by going hybrid, which is discussed in section 5. 
 
Figure 2-13: Maximum factor with saliency ratio 
Figure 2-14 shows the DQ current and voltage changes with respect to the 
current angle in a practical SynRM. The maximum power factor trajectory is 
marked by a blue line. As can be seen from the figure, the current controller for 




non-linear and change with designs, but the current changes are not affected by 
design types. Further, the maximum pf is obtained for higher D current, as shown 
in Figure 2-14. 
 
 
Figure 2-14: DQ current and voltage characteristic with respect to the current angle in a 
SynRM 
The control of SynRM should be performed in such a way that increases the 

























































study has shown that SynRM’s power factor can be improved by different means 
such as improving the saliency ratio above 9 and controlling the machine at a 
specific operating region. The results are further investigated with FEM, and 
experimental results are presented in the subsequent chapters. 
2.5.3 Power and Efficiency  
The instantaneous input power of SynRM into the terminal can be defined 
by (2.43) like any other conventional electrical machine. 
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𝑅  is relatively small compared with 𝑋 and  𝑋  therefore, the power equation 
can be further simplified to Eq. (2.44). However, it should be noted that when 
𝑅 0 the electrical power equals the mechanical power out of the machine which 
is in Eq.  
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The efficiency of the machine can be defined by Eq. (2.48). Alternatively, it 













Where, 𝑊  is a combination of friction losses, windage losses, rotational 
losses, eddy current losses and leakage losses. The above analogy is implemented 
in FEM tool for simulation, as explained in section 3.4 and used for experimental 
verification in chapter 6. 
2.5.4 Torque ripples 
The SynRM is well known for its high torque harmonics due to its hybrid 
rotor structure where the air-gap flux is distorted via a series of transversally 
laminated flux guides. Depending on the dimensions of flux guides and its end 
profiles, the torque ripples can almost be equal to the average torque in certain 
designs which may severely impact the motor application. Therefore, the 
smoothness of the torque is inevitable in these types of machines. The causes of 
ripples can be attributed to various reasons. Firstly, the quality of manufacturing, 




modern machining, wire cutting technology and tools should ensure the final 
product has good completion in order to have smooth torque characteristics. 
Secondly, two types of excitations are in use for conventional AC machines, either 
sinusoidal or trapezoidal excitation. Both excitations have their advantages and 
disadvantages. The conventional AC machines predominantly utilise sinusoidal 
excitation.  
SynRM and permanent magnet synchronous machine drive’s current 
excitation and back EMF are designed to be sinusoidal for optimised torque 
harmonics [126]. It requires sinusoidally distributed stator winding similar to any 
other AC conventional machines, as shown in Figure 2-15 where phase A current 
and the induced voltage is plotted as a function of time. The sinusoidal excitation 
is generated by current controlled inverters that need an additional system to 
monitor the rotor angular position using high-resolution sensors continuously. Any 
design issues, rotor position feedback issue or other causes can lead the supply 
current or back EMF to diverge from the sinusoidal waveform, thus resulting in 
high torque ripples. The location, dimensions, tangential and radial ribs, and 
profile of flux barrier(s) are the most vital part in optimising the torque harmonics. 
 
Figure 2-15: Sinusoidal excitation of phase A and induced voltage on the stator winding 


















































Given that the reluctance torque is generated by transversally laminated 
anisotropy structure characterised with flux guides to couple itself to rotating 
magnetic field, optimisation of the reluctance is inevitable in this type of motors 
to smooth the torque production. The other factors such as dealing with higher-
order torque harmonics and controller designs that change the excitation in order 
to adjust supply for non-ideal characteristics are also worth considering in torque 
smoothness [97, 99, 126, 189]. 
To start with, it is essential to define the torque-harmonics (or torque-
pulsations) for further understanding of the minimisation techniques. When 
standard conditions of the motor or its controller drift, it creates the prospect to 
upswing unwanted torque-pulsations in the system. In SynRM it is the combination 
of cogging torque and torque ripples. The variation of reluctance in between stator 
and rotor due to angular variation causes the cogging torque. The cogging torque 
is independent of supply source or excitation methods instead, it is caused by the 
geometry of the motor structure. The number of stator slots increases the 
frequency of the cogging torque but reduces the magnitude. Moreover, the air-
gap winding (no teeth) eliminates the cogging torque. On the other hand, the 
torque ripples is instigated by the interaction between stator 𝑚𝑚𝑓  and rotor 
magnetic characteristics (reluctance).  Therefore, an optimised sinusoidal 𝑚𝑚𝑓 to 
SynRM is the basis to reduce torque ripples. However, it does not just stop 
with  𝑚𝑚𝑓, it is also vital to design the rotor magnetic reluctance path. 
The analysis of cogging torque can be performed using magnetic energy 
model. However, the same analogy cannot be used for torque ripples analysis due 
to the change of the magnetic flux path and core’s non-linear permeability [99]. 
In basic terms, the torque ripples can be defined mathematically as given in Eq. 
(2.50). Generally, it is either expressed as per unit value or percentage as given 
in equation (2.51). It can also be expressed in Nm (peak to peak) depends on the 
situations. However, the cause of ripples goes beyond the simple definition.  
Historically, the torque of the SynRM machine was derived in two methods. One 
was using the electromagnetic co-energy method. It is the derivation of co-energy 
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The ripples components can be further expressed as in the Eq. (2.54), and 
substituting it into Eq. (2.27) will yield complete SynRM torque equation (2.55). 
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Even though there is a contradiction between some of the literature in 
evaluating ripples and cogging torque from co-energy, most of them agree with 
the work and validates the analytical derivation. Reference [190] recommends 
against the use of the co-energy method to analyse the torque ripples. It justifies 
that it is ineffective due to the non-linearity of permeability and high saturation in 
the core. In this case, the first component is the average torque, whereas the 
second term in (2.55) is the combination of torque ripples and cogging torque, the 




of stator slots resulting in torque pulsation. On the other hand, the torque 
pulsation is expressed as in Eq. (2.56) by [87]. 
   2 2cos( ) sin( )pulsation d q d q dq d qT L L i i pq L i i pq         (2.56)
The first term in Eq. (2.56), dominated by ∆𝐿 ∆𝐿 , is only present on 
load condition where 𝑖  0 termed as torque ripples. The second term is the 
cogging torque, also present at the no-load condition. It is generated due to the 
cross term ∆𝐿  also called magnetic interaction of D & Q axis.  On the other hand, 
the electromagnetic torque can be derived as given in Eq. (2.54) where variation 
in electromagnetic co-energy in the direction of rotation is considered. The rotor 
barrier slots and stator slots effect create ripples in air-gap flux linkage resulting 
in cross inductance dqL as given in second torque term in Eq. (2.56). Thus, it can 
be safely assumed, the variation in magnetic reluctance path, due to the slotting 
effect, is one of the primary reasons for the torque ripples.  
On the other hand, a group of researchers led by Nicola Bianchi primarily 
focus on evaluating torque as a function of stator electric loading and rotor 
magnetic potential 𝑈  or it is also called integration of Lorentz’s force [103, 144, 
168, 169]. The air-gap magnetic flux density is defined as a function of rotor 
magnetic potential yielded by stator electric loading (2.58). The air-gap flux 
density distribution as a function of stator magnetic potential is given in Eq. (2.58) 
The instantaneous torque can be defined as the integration of stator electric 
loading and rotor magnetic potential Eq. (2.59) which can then be derived to Eq. 
(2.60). The second term in equation (2.60) is the torque pulsation caused by 
angular variation of the rotor. It is an effective way to determine the torque 
ripples. However, while defining the ripples, substantial assumptions are made to 
linearize the model. One of them is neglecting the slotting effects, which is one of 
the main causes of cogging torque. In this method, only higher-order harmonics 
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On the other hand, the cogging torque is also directly derived using 
magnetic co-energy in the rotor core, which is given in equation (2.61). It can be 
noticed from the equation that the magnitude of the cogging torque is directly 
proportional to the stator teeth magnetic flux density 𝐵 along the periphery of the 
rotor. The cogging torque is typically calculated using FEM at 0  current and very 
low speed in order to capture the magnetic flux against the angular variation. High 
cogging torque is primarily caused by the poor stator winding distribution [105, 
191]. The torque ripples and cogging torque can be minimised. However, it comes 


















This section analyses and discusses the traditional and modern techniques 
that have been used to minimise torque ripples and cogging torque. Numerous 
methods have been suggested in the past to minimise torque ripples for 
conventional electrical machines such as induction motor, most widely used 
technique is skewing. However, SynRM does not show much improvement when 




a quest for an alternative technique is required to improve the machine’s 
performance, especially for high-speed applications. Various techniques have been 
suggested for minimising SynRM’s torque ripple effects such as skewing, fractional 
winding stator, asymmetric flux barriers, eccentric rotor design, step skewing, a 
high number of phases (e.g. five phases SynRM) and the optimum number of 
barriers. However, some techniques are not cost-effective such as step skewing, 
five-phase SynRM due to the manufacturing complication.  This study focuses on 
the rotor and discusses the possibilities of torque ripples minimisation by 
improving rotor dimensions. 
Skewing 
Skewing is a technique that maintains a slight angle difference between 
rotor slots and stator slots transversally throughout the length not only to 
minimise the ripples effects but also to reduce cogging i.e. magnetic locking 
between stator teeth and rotor slots. It minimises the change in reluctance seen 
by the rotor flux path. Thus, the cogging torque is also minimised if skewing is 
employed. This technique is better suited for the transversally laminated machine, 
while it is difficult to make an axially laminated rotor with skew. It reduces the 
average torque by several percentages as the flux linkage is reduced by skewed 
rotor [81].  
Alternatively, the stator can be skewed in the case of an axially laminated 
machine, but retraction of stator winding will be a challenge. This method has 
been successful in the case of other conventional machines such as IM and 
extensively implemented. References [93, 126, 148, 189] suggest that ripples can 
be optimised by skewing while references [173, 190] concludes that it is not 
feasible for SynRM. It is claimed that skewing may change the D & Q torque 
contribution axially. The step skewing is suggested for PM machines which is an 
alternative to skewing that split the rotor into a few different steps [168, 173]. In 
general, a well-optimised skewing reduces the reluctance experienced by rotor 
and high-order harmonics with little impact on average torque as well as the 




Step skewing (also called discrete rotor skewing) is an alternative method 
which can reduce manufacturing cost while providing similar results [97]. 
Regardless of what method is employed, it is vital to design the step angle in order 
to achieve an optimum result as wrong skew angle may lead to high ripples and a 
significant reduction in average torque. Skewing not only reduce the average 
torque but also reduce efficiency and increase manufacturing complexity and cost. 
The continuous skewing is not suitable for PM assisted machine, instead step 
skewing can help where skewing is needed.  
Asymmetrical Flux Barriers  
The asymmetrical rotor design is a methodology used by researchers to 
modify the flux density in the air-gap by designing either irregular flux barriers or 
create dis-oriented barriers in each pole. It has been argued that the proper design 
of asymmetrical barriers can result in significant improvement in torque ripples 
[91, 144, 173, 192]. Asymmetrical barrier method is proposed in a few different 
configurations such as conventional asymmetry of barriers in each pole or 
individual laminations for each pole and stacked them in asymmetry quite similar 
to step skewing [97]. It is claimed that the ripple torque can be nullified without 
affecting the average torque of the machine. Though this method reports, ripples 
can be minimised in SynRM but failed to further influence due to the complexity 
in manufacturing.  Further, the same design can’t be simply adopted for all sizes 
and requires individual design and testing.  
Number of Flux Barriers 
The ripples reduction in a symmetrical rotor with a smaller number of 
barriers is challenging. Hence, the optimisation process would not significantly 
reduce ripples in a SynRM with fewer barriers [81]. Instead, the nature of the 
rotor structure with fewer barriers induces high ripples when the rotor revolves 
through the stator perimeter due to the asymmetrical flux path between stator 
and rotor. In order to tackle the issue, Vagati [81] proposed to have a certain 
number of rotor slots to eliminate high order harmonics in the torque. This study, 




of barriers can lead to significantly reduced ripples in SynRM [104]. It is further 
discussed in section 4.8. 
Segmented Rotors 
The primary reason for torque ripples is the slotting effect not only in stator 
but also by the rotor slots. It creates air-gap flux harmony with rotation. The 
torque is directly proportional to the air-gap flux linkage, resulting in torque 
ripples. In order to minimise the air-gap flux linkage harmonics caused by rotor 
and stator slots, the researchers investigated the split pole rotor technique, also 
known as the segmented rotor [97, 98, 169].  
This thesis focuses on minimising the ripples by optimising rotor parameters 
in order to find a solution that practically feasible and cost-effective for 
manufacturing. The skewing method is not discussed in this thesis as it is not a 
preferred practice for PM assisted design. Even though there are numerous ways 
to analyse the ripple effect, it is relatively impossible to evaluate or precisely 
estimate the torque ripples using mathematical analysis due to the non-linear 
magnetic circuit and cross saturation effects. Thus, the finite element method 
(FEM) should be utilised in order to simulate, analyse, verify, correct, and justify 
ripples effect. However, there are a number of factors to be considered to optimise 
the design. These will be discussed in section 4.8  
 
 
2.6 Impact of Saturation on SynRM 
Magnetic saturation in an electrical machine is a common phenomenon, and 
SynRM rotor is not an exception. The very nature of the SynRM with flux barriers, 
steel segments, tangential ribs and radial webs make it more vulnerable to 
saturation. The saturation of the rotor iron, especially the ribs and webs, are the 
limiting factors of this motor. As the current increases, the magnetic field in the 
rotor segments increases. At lower currents, the rate of change of the magnetic 




with the field. The point where the saturation begins is called the working point, 
as shown in Figure 2-16. Beyond this point, it is harder to increase the strength 
of the field, so it draws more currents to increase the field. The machine shall be 
designed to operate below the saturation point. If the machine is pushed into the 
saturation region, as shown in Figure 2-16, it will draw larger magnetising current 
consequently higher  𝑖 𝑟. It will not only result in efficiency drop but also results in 
heating issues causing mechanical damage to the machine. 
 
Figure 2-16: Field saturation in a SynRM obtained from a FEM simulation 
In an electrical machine, the voltage, frequency, and flux are interrelated. 
If anyone of these properties changes, the other two will be affected. It should be 
noted that FEM results yield a practical outcome, whereas an analytical model 
ignores the slotting effects, saturation, and cross-couplings. Thus, the analytical 
finding will not be similar to the FEM results, as shown in Figure 2-16. The 
saturation in SynRM helps to saturate the ribs and webs, thus the machine can 
become an ideal SynRM. As discussed earlier, an ideal SynRM should not have rips 
and webs as they become a viable flux path in the Q axis. Figure 2-17(a & b) 
shows a realistic and ideal SynRM with and without tangential ribs and radial webs, 
respectively. If only the ribs and webs are saturated while the rotor core segments 
remain within a working point, the ribs and webs become high reluctance path. 



























Figure 2-17: (a) Realistic SynRM with barrier rips and webs (b) Ideal SynRM without ribs 
and web 
 
2.6.1 Cross-saturation in SynRM 
If saturation is caused by inter axis parameters in DQ frame, it is called 
cross-saturation. It is primarily due to the magnetic steel shared by DQ magnetic 
axes such as ribs and webs. The cross-saturation effect is vital in sensor-less 
control of SynRM [193]. If magnetically linear segments are considered, the DQ 
flux can be given as in Eq. (2.62). However, if the cross-saturation is considered, 
D axis flux is influenced by Q axis current and vice versa. Therefore, the corrected 
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However, if the machine is assumed to be magnetically symmetrical, then 
0 for 0md mdi   regardless of mqi  and 0 for 0mq mqi   regardless of mdi . Thus, the 
fluxes can be derived, as shown in Eq. (2.64) 
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The cross-saturation must be minimised not only to improve the efficiency 
of the machine but also operate the machine in the MTPA and field-weakening 
region. The cross-saturation is relatively high in the field-weakening region due to 
the high current.  
 
 
2.7 Importance of Webs and Ribs and 
optimisation 
As shown in Figure 2-17, the ribs and webs are unavoidable in a TLA design. 
They are the sole mechanical connection between each steel segments. If the 
thickness is more than what is required for mechanical integrity, the ribs will 
become a low reluctance path along the Q axis and reduce the machine 
performance parameters. As we have seen in the above sections, the torque and 
power factor of SynRM is directly proportional to its saliency ratio. If the thickness 
is smaller, then it will be susceptible to low mechanical strength and can deform 
due to heat and cause mechanical damage to the machine.  
It has been initially proposed by Vagati [80] and then further analysed for 
better machine performance [104]. The ultimate objective of the rib design is to 
saturate it within  10 %  of working point. If the ribs are saturated below the 
recommended limit, they are undersized and may experience heat deformation at 




the machine performance. It is one of the challenges in the SynRM design process 
to get the rib size as optimal as possible.  
 
2.8 Application of variable speed drive for 
SynRM operation 
A SynRM shall use variable speed drive so that it can be soft started, 
gradually loaded, speedup and controlled at any speed. The VSDs are devices with 
field-oriented control algorithm inbuilt. It controls SynRM vectorially using the pre-
configured algorithm. The optimum performance of SynRM is achieved by 
controlling the current vector in the DQ plane. In a constant flux method, the VSD 
keeps Id constant for any speed below the rated speed to maintain constant flux. 
In the case of current angle control, the angle between rotor D axis and the current 
vector is controlled to yield the optimum machine performance at any steady-
state condition. Thus, SynRM more often equipped with a current angle-controlled 
field-oriented controller. The DQ current relationship of this machine can be given 
as in Eq. (2.65). This is an ellipse in the DQ current space-oriented at (0 A, 0 A). 
As can be seen in the Figure 2-18, the machine induced voltage is directly 
proportional to the machine speed.  
    2 22 2q q de L i i    (2.65)
If the supply frequency is 𝑓   the air-gap flux distribution of a balanced 
supply can be assumed to be constant and in synchronisation. In an ideal machine, 
the maximum torque is at 45° for the MTPA region.  Figure 2-18 shows an ideal 
7condition control region of a SynRM in DQ current space. The MTPA and field-
weakening locus are indicated with respect to maximum current and voltage 
ellipses. The supplied current reaches its maximum value at nominal state, or in 
other words, the speed reaches its nominal value. At this condition, the controller 




can be seen, MTPA is the best control technique for constant torque regions, due 

















Figure 2-18: DQ current plane of a SynRM for field-oriented control 
The torque can be maintained constant throughout this region, as shown in 
Figure 2-19. When the speed increases beyond rated value or base speed, the 
torque-producing ability of the machine declines as the field in the air-gap is 
weakened to increase the speed. Thus, the torque reduces with speed in this 
region to its minimum. In order to achieve high speed, the torque should be 
compromised. However, the maximum torque at each field-weakening speed point 
shall be determined to yield the maximum torque, as shown in Figure 2-18 and 
Figure 2-19, which is further discussed in detail in section 5.11. The value of 
minimum torque at high speed is dependent on the machine’s load torque curve. 
The field-weakening is achieved by minimising magnetising current, in the case of 
SynRM, it is  𝑖 . The drawback of this method is, especially in PMSynRM, the PM 
can get demagnetised permanently. But high-grade rare-earth PMs such as 




twice the rated speed. It is not hard to understand the challenges involved in field-
weakening control. Machine’s maximum speed is reached at 𝑖  equal to 0 A, or at 
current angle 90°. 
From Figure 2-18, it can be seen that the current angle shall be increased 
to compensate for the air-gap flux shift caused by saturation and other losses. 
The increase in the current angle reduces 𝑖  and hence, D axis saturation is 
reduced. This will increase 𝑖  resulting in higher torque without saturating the 
machine. The combination of winding and iron losses, saturation and cross 
saturation increase the optimum current angle to a higher angle for MTPA 
operation. Because of the core loss current (refer to Figure 2-7 and Figure 2-9), 
the resultant current is moved towards D axis [194]. Thus, for optimum operation, 
the current angle should be increased to compensate for saturation, cross 
saturation, and core loss. At rated condition, the induced voltage goes to 
maximum, until the machine is under constant flux condition or constant torque 
region. The invertor cannot produce a voltage above the maximum available and 
have, which is called field-weakening or flux weakening region. The machine can 
be operated in two regions, constant torque and constant power region using the 
same inverter, as shown for an ideal machine in Figure 2-19, where 𝜔  is reference 
speed. The control and operation of SynRM in the field-weakening region are 
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2.9 Effect of Magnetic Steel Materials on 
Machine Performance 
It is a standard procedure to use high permeability magnetic steel for a 
reluctance machine to improve the flux path in the D axis. In a TLA design, the 
magnetic anisotropy in the D axis should carry lower reluctance or high permeance 
in order to improve the saliency ratio. A composite of electromagnetic steel 
material is suggested in the literature for SynRM [195]. A ferromagnetic and non-
ferromagnetic material composed together to produce an axially laminated 
SynRM. The researchers almost followed the automotive industries techniques to 
produce a disk-type rotor. Although the innovative approach could produce flexible 
machine parts, it meets only 87 % of its predictable performance.  
The modern SynRM manufacturing uses medium-speed wire-cutting 
technology to achieve high precision. Unlike stamping, any electrical steel can be 
used for wire cutting regardless of its toughness. Small range SynRM typically 
employs 0.5 mm thickness laminations to overcome the eddy current and 
hysteresis losses. This study uses grain-oriented electrical steel of 0.50 mm 
(M400-50A) due to its unique magnetic properties and unique structure. It is a 
high silicon hot rolled feedstock. This type of steel re-constructed through 
crystallisation process to grow grain’s length. The orientation of the grain structure 
provides considerable magnetic properties. Its enhanced grain structure makes it 
an excellent choice over traditional mild-steel for required grain-oriented 
anisotropy. 
 
2.10 Conclusion  
This chapter comprehensively discusses the analytical model of a SynRM. 
The two common types of rotor structures TLA and ALA are discussed with respect 
to their anisotropies. Machine operating principle is discussed in DQ frame, and 
the important of saliency ratio and its importance in defining machine parameter 




presented. The reluctance theory concept is investigated via means of examples 
to improve the saliency and methods to reduce D axis reluctance and increase Q 
axis reluctances are discussed in details and demonstrated.  
The flux path in non-linear SynRM magnetic circuit is graphically presented, 
and methods to improve saliency is also presented. The non-linear magnetic circuit 
is simplified into the equivalent circuit, and machine characteristics are developed. 
The 3-phase to DQ frame conversion is prepared for SynRM, and the vital machine 
parameters torque, power factor, torque ripples and efficiency are analytically 
defined. The parameters are theoretically analysed and graphically presented. The 
differences between theoretical results and a real-time performance are 
investigated and measures to minimise the saturation also discussed. The impact 
of saturation and cross-saturation on machine performance are demonstrated via 
analytical model and simulation results.  
Torque ripples of the SynRM have been defined, and methods to minimise 
are presented. The control methods and machine behaviour in each control region 
are demonstrated through various analytical models. Moreover, the material used 
for reluctance machines is briefly discussed. Finally, the material for SynRM is 










Analytical investigation on a SynRM provides an intuitive analysis into the 
machine parameters, operating conditions, and behaviour of the machine. The 
mathematical relationships are developed by making assumptions such as the 
stator slotting effects and saturation effects are ignored in order to derive torque 
equation. However, a real SynRM is more than a simpler structure. The rotor with 
multi-barriers, ribs and webs combine a highly non-linear structure. The first step 
in machine design is conceptual studies, where the machine specifications are 
defined. The analytical study assists in understanding the preliminary machine 
dimensions. The finite element method (FEM) should be utilised to simulate the 
machine to understand the machine performance in details due to its non-linear 
magnetic circuit before preparing prototype. 
The parameterisation is a numerical process which changes the input 
parameters in a predefined step manner (parametric equation) to understand the 
machine’s characteristics throughout the length of the input change. It is not an 
optimisation, preferably a process that can be used to understand the specific 
input domain to see where the best characteristics of the machine lie. The 
parametrisation can have multi inputs but the higher the number of inputs, the 
more cumbersome the computation process and combination of repetition. The 
input could be simple as a machine dimension or function. On the other hand, the 
optimisation is an automatic process that uses a specific algorithm to determine 
the cost function for a defined set of input domains.  
The optimum design is determined based on the cost function in an 
optimisation. The optimisation can have multiple inputs and multiple targets. A 
cost function determines the quality of the target function. Ansys™ electronic 




in-built tools to analyse SynRM like it has for other machines. A highly advanced, 
precise, and state of the art macro has been developed along with machine design 
toolkit to analyse SynRM/PMSynRM results. IronPython scripts also developed to 
verify the macro’s outcome.  
 
3.2 FEM application to SynRM Problem 
There are numerous sophisticated FEM programs available. Some of them 
are coupled with mechanical and thermal analysis programs [196-198]. FEM is 
essentially a numerical method for solving various engineering problems in a 
software environment. It is somewhat different to obtain precise results from an 
analytical solution for irregular geometries like SynRM. The electrical machine 
design requires electromagnetic FEM modeller that uses Maxwell equations 
efficiently. Due to its non-linearity, electromagnetic problems are different or near 
impossible to solve analytically. The FEM produces a series of discrete 
mathematical structures either tetrahedral, hexahedra or prisms and generates a 
sequence of finite element spaces, as shown in Figure 3-1, called meshing and it 
is the first step in FEM analysis.  
  




FEM programs (in this case Ansys) have meshing inbuilt into them by 
default. However, the effectiveness of meshing depends on the user’s skill. The 
fine meshing will produce precise results, but it will take long computational time. 
Larger mesh length will reduce the mesh number in the structure, but it will 
compromise the accuracy of the results. Thus, the best practice is forming high-
resolution mesh in critical areas, as shown in Figure 3-1. The fine mesh is 
generated around the air-gap, edges of stator teeth, ribs and webs and the other 
sections of the stator and rotor core are left with standard meshing. The enlarged 
section in Figure 3-1 shows the meshes around the ribs and the air-gap. Such a 
fine mesh can be created around the critical areas by forcefully having a non-
model line around the critical area. The enlarged section shows multiple lines 
passing through air-gap and stator teeth.  
Historically, FEM simulations have been performed on a symmetrical 
fraction rather than on the complete model. A quarter symmetry fraction is used 
in simulating as shown in the above figure. The symmetrical fraction method was 
introduced to overcome the challenge of slow computation. However, modern 
computers are well equipped with the required memory and multi CPUs of 
maximum 256 logical cores. Therefore, the simulation of the complete model is 
not an issue anymore. Furthermore, FEM can be simulated in 3D which need 
significantly high computing power compared with equivalent 2D simulations. Best 
simulation practice is to perform the preliminary simulation on optimised mesh 
and symmetrical fraction model to minimise the simulation time. Once the design 
is agreed upon for the final analysis, a complete model with high-quality mesh can 
be used for final results. Surface approximation meshing should be employed 
along with length-based meshing as SynRM has curved surfaces. 
 
3.3 Basis of Design 
This study utilises a real-world problem using the same dimensions of a real 
machine. The machine parameters including stator winding details, coil resistance, 




the software model for accurate results. Figure 3-1 shows a factional design where 
the machine slots are imitated similar to the original machine. The present 
research is focussed on improving the machine performance of a small range of 
SynRM. Therefore, an ABB IM stator is chosen to be the experimental machine 
with little modification. The machine nameplate ratings and dimensions are listed 
in Table 3-1.   
















This investigation emphasis only one stator design due to the number of 
experiments performed based on the above-listed model. The stator of the base 





Figure 3-2: Stator of the base design and its detail slot view in FEM tool 
The stator is selected with 36 slots and half coil distributed winding. The 
stator slots are of the parallel type with the industry standard. The ampere per 
turns pre-defined from the stator configuration. However, the ampere per turn 
parameter used in the simulation is obtained from real stator parameters. The slot 
dimensions are depicted exactly the same as the practical stator for precise results 
as shown in the figure. 
 
 
3.4 Modelling Average Solution in FEM  
In Ansys electronics desktop, SynRM parameters are required to be scripted 
into the FEM tool in order to evaluate average solutions. This section outlines the 
methods used for evaluating the average solution using scripts. In FEM, the 
average solutions are calculated per each electric period. The stator phase current 
is computed as in Eq. (3.1) where T is the electrical period and 𝑖 𝑡  is input current 
 2_ 0
1 T
phase rmsI i t dtT
   (3.1)






phase rmsV v t dtT
   (3.2)
The input voltage 𝑣 𝑡  is known from Eq.(2.10) and (2.11). The leakage 
inductance and stator DC resistance are measured values. 
The instantaneous torque, in the case of Ansys Electronics Desktop, is 
calculated by FEM tool. In order to find average torque over an electrical period, 








   (3.3)
The power factor is not generally evaluated by FEM, but calculated using 









The input power of the motor is calculated using instantaneous voltage and 
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The output power is evaluated using the average torque at simulated speed 
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  The efficiency is typically evaluated using Eq.(3.7). However, because the 
shaft power is less sensitive to electrical period, it is evaluated using the machine’s 
















3.5 Flux Guides 
Although SynRMs employed ALA or segmented anisotropy rotors, modern 
machines have hybrid type flux barriers. There are many types of barriers used. 
The shape of barriers also depends on the FEM program’s ability to draw and make 
primitive designs. Some FEM programs already have a user-defined library where 
barriers can be formed by simply changing the dimensions and can be directly 
used for either parameterisation or optimisation. On the other hand, some FEM 
programs require developing new user designed models but with a lot of 
limitations in modelling. The reason for most of the different types of barrier shape 
is mainly hidden behind the limitation and ability of the FEM program.  
Figure 3-3 shows some of the common types of flux barriers used in the 
recent literature where (a) is WEE type barriers used [54], (b) is the circular type 
that are very rarely used, (c) the arc type hyperbolic barriers, and (d) hyperbolic 
barriers are very commonly used by researchers and industry. The latter one suits 
for PMSynRM due to the flat barrier section along Q axis where rectangle PMs can 




(a) (b) (c) (d)  
Figure 3-3: Types of modern hybrid barriers 
The question is, which is the best shape of the barrier? In order to answer 
the question, a special simulation is performed on a barrier-less rotor that has the 
same reluctance in both axes. Its flux path is produced using FEM and shown in 
Figure 3-4. The flux lines closer to the air-gap is straighter and denser. Figure 3-4 
(a) and (b) are the same simulation but (b) with a high number of flux lines to 
distinguish the flux density closer to the air-gap and the shaft. The shaft is of non-
magnetic material. As can be seen, the flux density is higher along the air-gap 
and lower closer to the shaft. These two observations are the key factors in 
deciding the barrier shape.  
  
Figure 3-4: Flux path on a flat rotor without barriers to understanding the phenomenon 
of anisotropy 
The above findings yield the vital concept to design the flux barriers. It 
shows that the barrier closer to the shaft should be thicker in order to improve the 
(a) (b) 






flux density, and the barrier closer to the air-gap should be thinner in order to 
accommodate more flux in around that area. At the same time, the barrier closer 
to the air-gap should be straighter, and the barrier closer to the shaft should follow 
the shape of the flux lines.  It can be concluded that a single flux barrier alone is 
not enough to achieve high field intensity along the D axis. Thus, multiple-barrier 
structures will enhance the saliency ratio. From the findings, the barrier shape 
illustrated in Figure 3-3(d) is the first optimal shape. 
Now, another question arises about the number of barriers. As can be seen 
in Figure 3-4, the flux spreads from the edge of the shaft (non-magnetic) to the 
circumference of the rotor. Therefore, in order to intensify the flux density, the 
barriers shall be used in the same shape as the flux lines. At the same time, a 
higher number of barriers will draw the rotor into saturation. There is a norm for 
selecting the number of barriers as given in Eq. (3.9) [166, 199].  
4s rn n   (3.9)
Where sn is even number of stator slots per pair of poles and rn number of 
equivalent slots per pair of poles. This analogy is used primarily to design a SynRM 
rotor with low torque ripples. However, this is dependent on the very design that 
Vagati proposed [81]. The tolerance 4  is quite high for a small range of SynRM. 
The suggestion by Vagati can be used to understand, but the final number shall 
be determined using either parameterisation or optimisation. 
3.5.1 Barrier Design 
In order to implement the above analogy in the simulation model, an 
automated design is needed. Ansys Electronic Desktop® has a machine design 
package called RMXprt®. It supports most of the electrical machines but does not 
support SynRM simulation. Therefore, scripts using IronPython have been 
developed to analyse the post-simulation results. Electronic Desktop® a has user-
defined library for SynRM, but it required customisation to develop the unique 




with added parameters so that it can be used for automated optimisation and 
parameterisation that can yield optimum design. The modification closely follows 
Pellegrino’s dimensioning topology [200] to generate two types of the similar 
barrier one without the radial web and other with the radial web so that it can be 
used for SynRM as well as PMSynRM.  
The significance of the new type of barrier is, end barrier width and barrier 
fin angle (𝜑 ) can be automated with greater freedom in changing dimensions 
during parameterisation and optimisation processes. The customised hyperbolic 
barrier without radial web is shown in Figure 3-5. The customised barrier with the 
radial web is shown in Figure 3-6, which is specially designed for PMSynRM. The 
end barrier design followed precisely the same as the library function. However, 
one end of the barrier edge made changeable, as shown in Figure 3-7. The new 
barrier shapes allow the user to design and automatically change the required 
barrier shape through dimension parameters. The new design allows the user to 


























































Figure 3-7: End barrier design topology for hyperbolic barrier 
The optimum barrier shape for high saliency is shown in Figure 3-5 and 




in the flux space. The important observations from the flux space shown in Figure 
3-4 are listed below: 
 Flux density is high towards the air-gap, and it gradually decreases 
towards the shaft 
 Flux closer to the air-gap is lot straighter 
 Flux closer to the shaft follows Obtuse angle curvature 
 Flux lines are symmetrical along Q axis 
 The bend point in the flux gradually moves towards Q axis as it goes 
away from the shaft 
 If the non-magnetic shaft is used, the flux lines bend when it passes 
the shaft 
The above observations are the key points in designing the barrier shape. 
Based on the observations, the design strategy is as follows: 
 In order to increase the field density along the D axis, the insulation 
ratio should be optimised. If a wider barrier is placed closer to the 
shaft, it will optimise the field intensity 
 Insulation ratio should be minimised closer to the air-gap to avoid 
saturation as well as improve the flux path 
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Figure 3-8: SynRM rotor design topology 
Based on the above observations, the SynRM rotor should follow either one 
of the rotor shapes in Figure 3-9, which will be further verified by using the FEM 
primitive design technique in section 3.6.1. 
 
Figure 3-9: Optimum rotor shapes for SynRM 
3.5.2 Parameterisation techniques 
The parameterisation is a process of refinement method for sweeping 
analysis. The benefits of this process are, it significantly reduces the simulation 




process can be achieved in adaptive manner using the stored mesh data. Single 
or multiple design variables can be defined. Each variable is specified with discrete 
values within a domain. This procedure allows the designer to understand the 
behaviour of the output of each input better. In machine design, the results of the 
parameterisation can be compared to determine how a specific input changes the 
machine performance. The advantage is it reduces the time and effort to find an 
optimum value of a parameter for optimum design as well as the raw results can 
be directly fed into an optimisation study. The optimiser will understand the 
characteristic of the design even before the optimisation process begins using the 
parametrisation results, which will reduce the simulation time. The drawback is 
that it does not evaluate the optimum design. In order to find optimum design, 
the optimisation shall be used. 
3.5.3 Optimisation 
The optimisation is a mathematical tool to identify the maximum or 
minimum of a real function by selecting the input(s) or variable(s). An optimisation 
is associated with a function called cost function. The best element is selected 
based on the cost function. The inputs are defined in discrete function within a 
range and for some optimisation algorithms, focal range can also be defined.  
The optimisation of the electrical machines is an essential process in 
machine design. There are several optimisation algorithms available. However, an 
algorithm for SynRM optimisation is essential to reduce expensive computations 
and reduce design time. Recent studies of machine design focus on FEM 
techniques coupled with optimisation algorithms [96, 110, 200-202]. Recent 
studies on optimisation report few specific algorithms for SynRM optimisations 
such as the use of genetic algorithms (GA), Deferential Evaluations (DE), DE and 
simulated annealing (SA) [200, 201, 203]. However, other studies focus on static 
FEM solutions to design and optimise SynRM. 
A rotor of SynRM can have several variations to flux barriers, rib 




tools for analyses of SynRM. The modern FEM tools are generally equipped with 
optimisation algorithms for post-processing. A higher number of variables in 
optimisation increases the need for computation power as well as the processing 
time. The optimisation of SynRM requires an algorithm to optimise multi-variables 
with fast optimisation attribute as well as fine-tuning for multiple variables. This 
study exploits a computationally efficient optimisation algorithm in conjunction 
with FEM tool in order to optimise the predefined surrogate model.  
The optimisation algorithm uses response surface technique to determine 
the next solution, which is explained in the subsequent section. An existing 
algorithm which was designed to optimise PM Synchronous machine is scripted to 
suit SynRM with gradient calculation and sequential non-linear programming. The 
Sequential non-linear program is selected over other techniques for this 
investigation due to its fast and multivariable processing and fine-tuning abilities. 
Another option is the utilisation of artificial intelligence techniques that can 
significantly reduce manual interaction and cost involved in machine design.  
However, the application of artificial intelligence with FEM tools on SynRM 
design optimisation is not encouraged because of the long process duration, and 
multiple selection scenarios involved in the design process [200]. In this thesis, 
the optimisation used for three objective functions, i.e. torque, power factor and 
torque ripple to ultimately improve the efficiency without compromising any of the 
other machine parameters. The high torque density is fundamental in any rotating 
machine design. However, the torque is not the only parameter that requires 
utmost attention for a motor application. On the other hand, the parameters such 
as pf and torque ripples are also vital in machine design. Most of the literature 
focus on optimisation of either torque or power factor optimisation. Only hands 
full of studies have been published on multi-objective optimisation algorithms 
[203-205]. The optimisation of three parameters requires a compromising 
approach during the selection of input variable domains.  
The preparation of a suitable model for optimisation is the most crucial step 




highly-advanced vector coordinate system and primitive design technology that 
can significantly reduce the number of variables used in optimisation. An existing 
model is scripted using IronPython to include more variations. The optimisation 
variables are then formulated using logical relationships with regard to the cyclic 
coordinates system. This procedure offers freedom in selecting inputs and 
modelling any barriers and barrier end fillet profiles.  
 
 
3.6 Synchronous Reluctance Machines 
3.6.1 Analysis I – Barrier Shape  
This section analyses the machine performance for three types of barriers. 
The Wee type of barrier design is not further analysed due to its inflexibility in 
developing the primitive design and using it for optimisation. The three model’s 
circular (CIR), hyperbolic arc (HY-I) and hyperbolic non-arc (HY-II), as shown in 
Figure 3-10, respectively. The designs are equipped with unsaturation rings to 
minimise the saturation on the segments.  All other parameters such as ribs, webs, 
insulation ratio, and the number of barriers and location of barriers kept identical 
for all three designs. However, some aspect of the designs is difficult to control, 
such as the barrier end locations, Q axis insulation ratio, and length to thickness 
ratio. Because of this reason, there are differences within the designs. 
CIR HY-I HY-II
 




All three designs are simulated in the same way, and the results are given 
in Table 3-2. HY-II produces better performance compared with the other two 
designs due to its geometry as studied earlier. However, the HY-I is not far behind. 
The torque ripples need optimisation to minimise, and although it is included in 
the table it is not considered as a deciding factor. HY-II produces 0.08 %, 1.22 
%, 0.46 % and 5.5 % more torque, power factor efficiency and saliency ratio over 
HY-I respectively and 4.04 %, 5.10 %, 1.03 % and 17.51 % more torque, power 
factor, efficiency, and saliency ratio over CIR. Therefore, further investigations 
focus primarily on HY-II type of barrier design. However, the CIR type is included 
in the torque ripple studies for further investigation. 
Table 3-2: Simulation results of the three design 
 Parameters CIR HY-I HY-II 
Torque [Nm] 7.323 7.625 7.631 
Power Factor [p.u.] 0.781 0.813 0.823 
Efficiency [%] 84.961 85.458 85.850 
Torque Ripple [Nm] 4.700 3.639 2.560 
Saliency 7.439 8.572 9.021 
The geometry optimisation is vital for SynRM design. The slightly oversized 
or undersized design may produce rather poor machine parameters. It will be 
further discussed in the optimisation section. Many geometries require 
comprehensive analysis in order to understand the impact of each machine 
performance parameters. This study focusses on every rotor parameter one by 
one. The simulation is performed on the same system except for the rotor, which 
is changed in each analysis. 
The following analyses primarily focuses on three machine parameters 
including torque, power factor and saliency ratio. In some cases, the efficiency 
and torque ripples are also recorded. In each study, the impact of changes in 
dimensions is explicitly analysed with possible variations. A four-barrier hyperbolic 
design is chosen for the entire analysis so that consistency can be maintained for 




3.6.2 Analysis II - Impact of barrier location on machine 
performance 
This study focuses on the barrier location on a four-barrier design. The 
location of barriers is systematically moved in each variation. Four variations (AN-
II01, AN-II02, AN-II03 and AN-II04) are studied, as shown in Figure 3-11. The 
insulation ratio of all four designs is kept constant while the barriers are moved. 
The design AN-II01 has all four barriers placed as close as possible to each other 
to make room in the circumference, while the design AN-II04 has all four barriers 
moved away to produce a distributed design. The segments along the 
circumference are narrowed down in the design AN-II04 as can be seen in the 
figure. The location of the first barrier (from the shaft) is maintained the same in 
all designs as it is separately studied in subsequent sections. The length of the 
barrier and segment thickness is varied in each design. 
AN-II01 AN-II02 AN-II03 AN-II04  
Figure 3-11: Analysis II – Four designs that are used for barrier location study 
Table 3-3 shows the simulation results. The torques of all four designs are 
gradually increased with the location of barriers moving away from the shaft, as 
shown in Figure 3-12. The power factor gradually increases similar to torque, but 
it slightly dropped in case of AN-II03. The saliency ratio also exhibits similar 
characteristics as in Figure 3-13. The design AN-II03 shows relatively good 
performance compared with the other three designs due to the barrier dimensions 
and location. The end segment closer to the circumference is vital for the 
difference in performance between the four designs. An excellent end segment 




in Figure 3-4. The designs AN-II03 and AN-II04 slightly differ in performance due 
to the difference in end segments.  
An oversized or undersized end segment can result in poor performance as 
in the case of design AN-II01. The saturation in AN-II01 is relatively high 
compared with AN-II03 due to the tiny segments between barriers, and its end 
segment is wide open. Hence Q axis flux path is improved that reduces the saliency 
ratio. Therefore, as already discussed in section 4.4, the end segment shall be 
optimised. 
Table 3-3: Analysis II – Simulation results of the barrier location study 
  AN-II01 AN-II02 AN-II03 AN-II04 
Torque [Nm] 7.414 7.875 8.123 8.132 
Power Factor [p.u] 0.787 0.805 0.814 0.813 
Efficiency [%] 84.482 85.264 85.665 85.714 
Torque Ripple [Nm] 5.369 2.559 2.146 2.503 
Saliency 8.183 8.68 9.025 9.003 
 
Figure 3-12: Analysis II - Torque and power factor of all four design  
The saliency ratio is plotted, along with torque ripples in Figure 3-13. The 
saliency ratio is evaluated at the steady-state condition and represents saturated 
saliency ratio. The torque ripples are evaluated for comparison purpose only. A 
detailed investigation is required to understand the ripple effect with varying 
































be noted that the rotor model discussed in 3.5.1 can minimise the ripples. As can 
be seen, the saliency ratio is the highest and the torque ripples is the lowest for 
AN-II03. 
 
Figure 3-13: Torque ripples and saliency ratio of the barrier location study 
The power factor and saliency ratio is increased with each barrier moving 
away from shaft up to design AN-II03, it starts to decline for design AN-II04 as 
can be seen in the graphs (Figure 3-12 and Figure 3-13) and table (Table 3-3). 
However, in the case of torque, it keeps increasing with the barrier location. 
Because the torque is developed by magnetic inductance whereas terminal 
inductances determine saliency ratio and power factor. The investigation 
concludes that merely having the same number of barriers will not yield the best 
performance. The study revealed the importance of placing barriers as described 
in the initial investigation. The designs with barriers are too close to the shaft or 
closer to each other does not yield the best performance. The saliency ratios of all 
four designs show the importance of having a barrier shape, as discussed in 3.5.1. 
The design AN-II03 is very similar to the optimum rotor that discussed in the 








































3.6.3 D & Q axes insulation ratio 
Insulation ratio is another parameter used in SynRM design and analysis to 
differentiate geometries. The insulation ratio has been defined in many ways by 
various researchers. This study follows a common definition that is easy to 
understand and used by many literature [80, 194]. The rotor is parameterised for 
insulation definition and shown in Figure 3-14 where the barrier (air) thicknesses 
and iron segments are indicated. The insulation ratio is defined in Eq. (3.11). When 
the ratio becomes 0, the design becomes a barrier-less structure, and when it 




















Figure 3-14: Definition of insulation ratio 
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The insulation ratio cannot be infinity, then the rotor becomes air. It can 
take any value between infinity and 0. However, the increase in insulation ratio 




performances. Therefore, the design of insulation ratio is a critical process. This 
study analyses five designs with various insulation ratios, as shown in Figure 3-15, 
and in ascending order of insulation ratio for comparison purpose. Five designs 
are selected for further analysis with close to optimum design so that high machine 
performance can be achieved. The locations of the barriers are not changed, but 
the barrier widths are varied in such a way the ratios between each adjacent 
barriers are the same. By doing this, the rotor shape in each design is maintained 
the same except the insulation ratio.  Insulation ratios are changed from 0.58 to 
0.95. The study results are given in Table 3-4.  
AN-III01 AN-III02 AN-III03 AN-III04 AN-III05  
Figure 3-15: Analysis III - Designs for insulation ratio investigation 
The torques and power factors are plotted as a function of insulation ratio 
in Figure 3-16. Maximum torque and power factor lie within the selected insulation 
ratio. As can be seen in the figure, the torque increases with insulation ratio and 
reaches the maximum for insulation ratio between 0.65 and 0.8. Whereas, the 
power factor keeps increasing because it is not susceptible to saturation as torque 
does as mentioned earlier. Similarly, the maximum efficiency also obtained for the 
same insulation ratio, is shown in Figure 3-17. The power factor and saliency ratio 
gradually increases with insulation ratio. 
Table 3-4: Analysis III - Insulation ratio investigation results 
 Parameter AN-III01 AN-III02 AN-III03 AN-III04 AN-III05 
Insulation ratio 0.58 0.68 0.73 0.81 0.95 
Torque [Nm] 8.225 8.271 8.267 8.260 8.182 
Power Factor [p.u] 0.812 0.821 0.825 0.827 0.834 
Efficiency [%] 85.523 85.584 85.893 85.880 85.482 
Torque Ripple [Nm] 2.377 2.275 2.271 2.017 2.289 




Four barriers and high insulation ratio improve saliency ratio, which is 
directly correlated to the D and Q axes inductances. 𝐿  is not significantly affected 
by the insulation ratio as the supplied current impacts it. Nonetheless, 𝐿 is 
significantly reduced due to the high insulation present in its path. It has resulted 
in increasing saliency ratio for increasing insulation ratio. On the other hand, the 
efficiency and torque are affected by the rise in saturation, as shown in Figure 
3-17. 
 
Figure 3-16: Analysis III - Torque and power factor as a function of insulation ratio 
 



































































The insulation ratio beyond 0.8 may increase saturation and may reduce 
the machine efficiency depending on other machine dimensions. This tool can be 
used to understand the geometry and performance even before FEM simulation. 
It can be used for fine-tuning the design during FEM analysis.  This study is not 
conducted on an optimised design, but rather to understand the characteristic of 
the insulation ratio. Insulation ratio is studied in detail in an optimised design in 
sections 4.6 and 4.7.  
 
3.6.4 First barrier location 
The placement of the first barrier is essential to understand the placement 
of all barriers. The first barrier location significantly influences machine 
performance, especially the torque density of the machine is depended on the 
location of the barriers [104, 151]. Thus, a detailed investigation is carried out to 
understand the location of the first barrier in this section. Two cases are 
investigated in this study. In the first case (case I) only the first barrier is changed 
while all other parameters and dimension of the rotor maintained unchanged. In 
the second case (case II), all four barriers are changed, but the insulation ratio 
and other parameters remain the same. 
Case – I (First Barrier Location Varied) 
A single barrier design could have been employed to understand the issue, 
but it will not yield practical results. Hence a practical design is considered for this 
investigation. Figure 3-18 shows the changes in first barrier location closer to the 
shaft and move further from the shaft for the four designs. The designs also 
developed with unsaturation ring to minimise the saturation effect (only needed 
for AN-IVCI01) where the first barrier is closer to the shaft. The other three 





AN-IVCI01 AN-IVCI02 AN-IVCI03 AN-IVCI04  
Figure 3-18: Analysis IV - Case I: Investigation on first barrier location 
The designs are simulated using parameterisation, and the results are 
plotted in Figure 3-19 as a function of distance from the centre. The results show 
the maximum torque and power is obtained at some optimum location closer to 
the shaft. The first case, AN-IVCI01 has high saturation due to a rather tiny 
segment between the barrier and non-magnetic shaft. AN-IVCI02 shows improved 
performance, but the freedom of moving the first barrier is limited in this design. 
For further away designs (AN-IVCI03 and AN-IVCI04), the machine performance 
drops significantly. It has been already identified and reported in [165, 206, 207]. 
 
Figure 3-19: Analysis IV - Case I: Torque and power factor changes with respect to the 
first barrier location 
Case – II (Barrier Location) 
This study moves all the four barriers in a systematically arranged manner, 
as shown in Figure 3-20. AN-IVCII01 has all four barriers placed as close as 


































Although there is no consistency between each design in this study, the primary 
goal is to analyse and see the machine performance for multiple designs with 
various first barrier location. All designs follow the same topology to maximise the 
performance expect barrier locations, and other parameters remain same. 
AN-IVCII01 AN-IVCII02 AN-IVCII03 AN-IVCII04  
Figure 3-20: Analysis IV - Case II:  Barrier location study 
The study results are quite similar to the case I, which reiterates the high 
torque density of a design lies when the first barrier is closer to the shaft but 
outside the saturation area. The design AN-IVCII01 is a hypothetical one to give 
high freedom of movement for the first barrier during parameterisation. However, 
the results show that the design can be improved with thicker unsaturation ring 
for high torque density which is discussed in the optimisation section 4.3.1. On 
the other hand, the power factor is highest for AN-IVCII03. As mentioned in 
section 3.6.2, the end segment should have an optimum size, otherwise, it 
increases Q axis flux path resulting in poor saliency ratio. The study reveals the 






Figure 3-21: Analysis IV - Case II:  Torque and power factor of Case II 
 
3.6.5 Number of barriers 
The above studies focused on barrier shape, location, and insulation ratio. 
However, a combined analysis is essential to improve the overall performance of 
the machine. The following study, although analyses number of barriers, focuses 
on a broader scale to analyse overall rotor dimensions with the number of barriers, 
critical elements in SynRM. As discussed, more number of barriers should increase 
the saliency ratio and hence, performance. However, due to the saturation, 
increasing number of barriers above specific value can cause serious saturation 
on the rotor core, resulting in poor performance.  
Discrete barrier models (number of barriers above 10) have been studied 
in the past [208], but it compromised efficiency. The analogy in section 2.3 shows 
that splitting the rotor magnetic core into multiple segments is vital as Kostko 
suggested for increasing saliency as well as performance. Thus, a balance must 
be maintained between in splitting segments to avoid saturation while enhancing 
performance. Vagati [80] suggested a solution to start the design with predefined 
numbers based on the stator slot number as in Eq. (3.9). The suggestion focusses 

































suggested is rather broad for a small machine and require critical analysis to 
conclude the final number based on the size. 
The investigation of the number of barriers requires multiple studies to 
understand. Therefore, this study is divided into six cases with the number of 
barriers varied from low as 2 to high as 7, but the insulation ratio is not altered 
(kept at optimum 0.73) in order to keep the consistency between the designs. An 
algorithm is developed to assign the right ratio of barrier thickness across the 
designs in order to keep the consistency. The algorithm is based on optimum 
design strategy found from numerous optimised designs. Unlike the above studies, 
this is a critical analysis for the number of barriers in several locations. For all the 
cases, the barrier thicknesses are assigned in the following manner. If the first 
barrier’s thickness is x mm, then the second barrier’s thickness is  𝑚𝑚 and so 
forth, as shown in Figure 3-22, as an example for a four barrier design. The 
strategy is applied in the assignment of barrier thickness for multi-barrier cases 
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The investigation is conducted for the number of barrier study for six cases 
(case I to VI). Each case analyses each number of barriers by placing them at 
various location to determine the best combination. 
Case I: two barriers 
In this case, two barriers are investigated using the above-mentioned 
strategy. The location of the barriers is changed along with the rotor space over 
six designs, as shown in Figure 3-23. The simulation results are plotted in Figure 
3-24 and Figure 3-25. AN-VCI05 has maximum torque and maximum power 
factor, and hence the saliency (Figure 3-25).  The design AN-VCI06 has tiny end 
segment and susceptible to saturation which resulted in lower torque density and 
power factor than AN-VCI05. 
AN-VCI01 AN-VCI02 AN-VCI03 AN-VCI04 AN-VCI05 AN-VCI06  
Figure 3-23: Analysis V - Case I: two barriers studied for varying location 
 






































Figure 3-25: Analysis V - Case I: Saliency ratio with respect to design 
 
Case II: Three barriers 
Three barriers are systematically arranged as per the above strategy and 
shown in Figure 3-26. In this simulation, the design AN-VCII04 is close to the 
optimum design compared with the other four designs. The torque and power 
factor are plotted in Figure 3-27, where the torque and power factor gradually 
increases to 8.01 Nm and 0.81 before dropping for the design. The saliency ratios 
are shown in Figure 3-28. The maximum saliency ratio increased by almost 9.5 % 
compared with the case I (two barriers). 
AN-VCII01 AN-VCII02 AN-VCII03 AN-VCII04 AN-VCII05  



















Figure 3-27: Analysis V - Case II: Torque and power factor with respect to design 
 
 
Figure 3-28: Analysis V - Case II: Saliency ratio with respect to design 
Case III: Four Barriers 
Similarly, four-barrier designs are simulated five different designs, as 
shown in Figure 3-29. Design AN-VCIII04 is closer to optimum design. The 
simulation results of torque and power factor are shown in Figure 3-30 and the 














































AN-VCIII01 AN-VCIII02 AN-VCIII03 AN-VCIII04 AN-VCIII05  
Figure 3-29: Analysis V - Case III: four barriers studied for varying location 
The design AN-VCIII04 was expected to have high torque (as it follows the 
pattern discussed in section 3.5.1), but the design AN-VCIII03 exhibits high torque 
than other designs while AN-VCIII04 has maximum power factor. The design AN-
VCIII03 and AN-VCIII04 have nearly equally distributed barriers where design AN-
VCIII03’s first barrier is closer to the shaft. Therefore, high torque density is 
obtained by design AN-VCIII03 while high power factor is obtained by design AN-
VCIII04. As mentioned earlier, the torque is not impacted by leakage inductance, 
whereas power factor does. 
 





































Figure 3-31: Analysis V - Case III: Saliency ratio with respect to design 
The maximum saliency ratio of this design is increased by 6.7 % with 
respect to case II and 14.3 % compared with case I. It shows each barrier 
increases saliency ratio by an average of 7 %. 
Case IV: Five barriers 
Five barrier designs are investigated using the same strategy. The 
investigated six designs are shown in Figure 3-32. The results are plotted in Figure 
3-33 and in Figure 3-34. The designs AN-VCV04 and 05 are closer to the optimum 
pattern among the six designs, with AN-VCIV05 resulting in maximum torque and 
power factor. It must be noted that the power factor has not much changed from 
case III with an increasing number of barriers. The torque dropped slightly 
compared with case III. 
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Figure 3-33: Analysis V - Case IV: Torque and power factor with respect to design 
On the other hand, the saliency ratio, even though increased compared with 
case III, but has not seen the same increases that have been between the cases 
I, II and III. It clearly shows that increasing the number of barriers with the same 
insulation ratio will increase saturation. However, it could be different for other 
insulation ratios. 
 

















































Case V: Six barriers 
In this study, six barrier designs are studied, as shown in Figure 3-35. 
Unlike other studies, the barriers are organised, such as the end segment (further 
studied in detail in section 4.8.3) is not narrowed. Hence, the saturation impact is 
minimised for a large number of barrier designs. The simulation results torque and 
power factor, are plotted in Figure 3-36, and the saliency ratio is plotted in Figure 
3-37. The torque increases gradually for moving barriers while power reached a 
maximum for AN-VCV04 and slightly dropped for the last design and same is true 
for saliency ratio. 
AN-VCV01 AN-VCV02 AN-VCV03 AN-VCV04 AN-VCV05  
Figure 3-35: Analysis V - Case V: six barriers studied for varying location 
Although the torque is improved slightly compared with case IV, the power 
factor remains the same due to the increase in the number of barriers. The 
saliency ratio is also slightly increased in this case by 1 % compared with case IV. 
 
































Figure 3-37: Analysis V - Case V: Saliency ratio with respect to design 
 
Case VI: Seven barriers 
In this study, seven barrier designs are investigated. It becomes almost a 
distributed anisotropy design due to the high number of barriers. Similar to case 
V, this study also focusses on barrier arrangement to have a higher number of 
barriers towards the circumference, as shown in Figure 3-38. The simulation 
results of torque and power factor are plotted in Figure 3-39 and saliency ratio is 
plotted in Figure 3-40. The design AN-VCV04 produces a maximum torque of 8.46 
Nm, but its power factor is similar to previous cases. The saliency ratio is also 
slightly increased by 0.4 %. 
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Figure 3-39: Analysis V - Case VI: Torque and power factor with respect to design 
 
Figure 3-40: Analysis V - Case VI: Saliency ratio with respect to design 
Although the saliency ratio has increased slightly (0.4 %) compared with 
case V, further increase in saliency is an immense challenge. The insulation ratio 
is constant, the number of barriers is the same for each case. The saliency ratio 
and performance are still different between those designs in each case. The only 
change is the location of the barriers. It shows the importance of the barrier 
location. Although high torque density is possible with a high number of barriers 
but rather with proper placement of barriers. The increase in the number of 
barriers, alone without proper arrangement, will not improve the machine 
performance.   
This study reveals the importance of the number of barriers, placement of 




















































for a SynRM design. Although the saliency ratio is the critical component in SynRM, 
it is alone will not yield the best performance as the dominant parameter. The 
saliency ratio optimisation, coupled with other parameters is essential to design 
the best machine. On the other hand, the best design in each case had the same 
power factor, and torque is slightly increased for the higher number of barriers as 
given in Table 3-5. 









2 7.72 0.78 85.07 
3 8.00 0.80 85.62 
4 8.33 0.82 85.66 
5 8.32 0.82 85.68 
6 8.43 0.82 85.67 
7 8.45 0.82 85.8 
From Table 3-5, it can be concluded that the higher the number of barriers, 
the better the machine performance. However, the statement is valid in term of 
theoretical analysis. In terms of practical aspects, many other parameters need 
to be looked into before deciding the number of barriers. The most crucial factor 
is the machine’s mechanical integrity. If the number of barriers is increased, the 
mechanical strength of each segment can be weaker, and ribs and webs will not 
have enough strength to hold the structure. The structure is susceptible to 
deformation due to a slight increase in temperature during high-speed 
applications.  
3.6.6 Impact of Ribs and Webs  
Tangential ribs and radial webs are there in order to hold the transversally 
aligned segments together in a TLA structure (as shown in Figure 2-17). They are 
essential elements of the TLA rotor. The design of the ribs and webs are 
significantly important as it can reduce machine performance if it is not correctly 




to the Q axis flux. However, their existence is essential. The impact can be 
minimised by adequately designing them so as they are saturated at low currents.  
In some cases, the radial webs are not required if the tangential ribs are 
strong enough. Hence, a study of the structure with and without webs are 
essential. In this section, two types of rotors are analysed one with ribs and webs, 
and the other with ribs only while the webs are removed from the rotor structure. 
When webs are removed, an adequate mechanical strength may be required via 
other means to the entire rotor for high-speed application. It can be achieved by 
re-sizing the ribs. 
Case I: SynRM rotor with ribs and webs 
In this section, the SynRM rotor with both ribs and webs are investigated 
and optimised. The study is conducted with two cases, first with the rib and web 
sized equally in each design. In the second case, the rib and web sizes are not 
kept equal somewhat increased in a step manner. 
Case I(a): Rib and Web sizes are equal 
In this case, the rib and web sizes are equal throughout the study. The rib 
and web thicknesses are varied from 0.2 mm to 2 mm. As 0 mm thickness is not 
practically feasible, the smallest size selected is 0.2 (although practically it is not 
strong enough) and then it is equally distributed for the five analyses, as shown 
in Figure 3-41. All other parameters are maintained constant except the rib/web 
size. The results of torque and power factor are plotted as a function of rib 
thickness in Figure 3-42. 
AN-VICIA01 AN-VICIA02 AN-VICIA03 AN-VICIA04 AN-VICIA05  




Figure 3-42 shows the torque and power factor with respect to barrier ribs 
and web width. Where the highlighted area marks the rib size that is not suitable 
for practical applications. The rotor segments need enough strength to hold the 
transversally aligned segments even for a small range SynRM small as 0.5 kW. 
Therefore, the highlighted area can be ignored for this investigation. However, it 
is apparent that the increase in rib size linearly reduces machine performance. A 
SynRM machine of 1.00 kW need at least 0.50 mm to withstand high-speed 
applications. It is evaluated and discussed in section 6. The increase in size from 
0.50 mm to 1.00 mm reduces the torque by almost 10 % and power factor by 
7.30 % while from 0.50 mm to 2.00 mm reduces the torque by 31.60 % and 
power factor by 23.20 %, respectively. 
 
Figure 3-42: Analysis VI - Case I(a) torque and power factor as a function of rib 
thickness 
As discussed earlier, the saturation of the ribs and webs are critical in 
achieving high performance. The reason for the reduction in torque and power 
factor is that the ribs are not saturated enough in the large size designs. The 
saturation of selected three models is shown in Figure 3-43. The smaller the ribs 
size, the quicker the saturation occurs and does not allow any more flux to pass 
through. On the other hand, the bigger ribs, as in the figure, take longer to 
saturate (depending on the current level). On the other hand, due to the small 






































Figure 3-43: Analysis VI - Case I(a) saturation of the selected three models from left to 
right model 0.2 mm, 0.56 mm and 2.00 mm, respectively 
 
Case I(b): Variable Ribs and Webs 
In this study, the rib and web sizes are varied independently using two 
variables in the parameterisation process using the same model in case I(a). The 
rib and web thickness are varied from 0.2 mm to 2 mm. The results are plotted in 
Figure 3-44 and Figure 3-45.  
 
Figure 3-44: Analysis VI - Case I(b) torque as a function of rib and web thicknesses 
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Figure 3-45: Analysis VI - Case I(b) power factor as a function of rib and web 
thicknesses 
The web size is less than 0.5, mm can be tolerated to a certain extent, but 
rib thickness less than 0.5 mm is not practically strong enough to provide required 
mechanical strength. The maximum feasible torque and power factor are attained 
in this case for a combination of the same rib size and web size. The results are 
quite similar to the case I(a). Therefore, the highlighted area, in the simulation 
results, should not be considered though the maximum torque is obtained for the 
smallest rib and web combination. On the other hand, smaller size web can deform 
due to change in temperature and acting radial forces towards the circumference 
during high-speed application. Hence, serious deformation of the rotor can make 
contact with stator inner surface and damage the machine. Thus, ribs and webs 
are to be designed so that the mechanical integrity is not compromised. 
Case II: SynRM with only ribs (no radial webs) 
Generally, a SynRM is designed with webs to provide the necessary 
mechanical strength. However, if the SynRM is used as PMSynRM, then the web 
will obstruct the PMs. Hence, the SynRM should be designed without webs. 
Although, some researcher use dual webs on both sides of the PMs [209, 210] and 
other researchers use webs in the middle with PMs on either side [108, 211, 212]. 
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However, for special high-performance machines, the web is eliminated with 
thicker rib size [111, 183, 213]. SynRM with no webs is studied in this section. 
Five different designs are simulated for rib size varying between 0.20 mm and 
2.00 mm, shown in Figure 3-46. The model used for the case I(a) and I(b) is also 
used here to maintain the consistency between the three cases. The simulation 
results, torque, and power factor are shown in Figure 3-47. 
AN-VICII01 AN-VICII02 AN-VICII03 AN-VICII04 AN-VICII05  
Figure 3-46: Analysis VI - Case II SynRM with only ribs 
The results show that the torque and power factor of the design AN-VICII01 
gained 4 % and 2.90 %, respectively compared with its equivalent design with 
webs (AN-VICIA01). Similarly, AN-VICII02 gained 8.00% and 5.80 % torque and 
power factor over AN-VICIA02. This study has revealed that SynRM that used for 
PMSynRM without any webs, can have naturally higher performance if the ribs are 
optimised even before PMs are inserted. Based on the above findings, this study 
recommends mechanical analysis in order to finalise the rib size as it is based on 
the mechanical integrity requirement. 
 








































3.6.7 Air-gap Length and Flux Density 
It is well known that large air-gap will result in poor machine performance. 
As discussed in section 2.1, the large air-gap length will increase the reluctance 
of both the D and Q axis. Furthermore, D axis current 𝑖  defines the magnetic 
loading in the case of SynRM, which is dependent on the air-gap length. A large 
𝑖  will increase the angle between the current and voltage for the same supplied 
source as can be seen in Figure 3-48, resulting in reduced power factor. However, 
it is not always the case due to the cross-saturation for smaller air-gap lengths 
which will be discussed in the following. Thus, the air-gap length is one of the 
critical design parameters in any rotating machine.  
 The air-gap length is generally larger than manufacturing tolerance which 
is significantly high in traditional machines. However, the latest and sophisticated 
lamination technologies, such as medium speed wire cutting, can make 
laminations with the accuracy of  0.01 𝑚𝑚. It allows the designers to cut down the 
air-gap length significantly. On the other hand, the rotor and stator cores may 
expand, resulting in core deformation at high speed and overload applications, 
thus requiring critical analysis for air-gap length. 
d axis d axis 





Figure 3-48: Phasor diagram of SynRM with two different D axis currents 
In general, advanced small range modern machines can have air-gap length 
of between 0.25 0.50 𝑚𝑚  , and some may have even higher. In this study, the 




length is altered by changing the rotor diameter between 90.2 mm (air-gap length 
is 0.9 mm) and 91.8 mm (air-gap length is 0.1 mm) (stator inner diameter 92.00 
mm). The stator structure is not altered. The input and output power of the study 
is shown in Figure 3-49.  
 
Figure 3-49: Analysis VII – Power (left) and efficiency (right) as a function of air-gap 
length 
Both powers experience similar changes due to changes in the air-gap 
length. Nevertheless, the difference in input power of design with 0.9 mm and 0.1 
mm is significantly high 39 % and the output power shows similar changes. The 
efficiency is shown in the same figure for the changes in air-gap length. The 
efficiency dropped almost 9 % for the difference in 0.9mm to 0.1 mm gap length. 
The changes in the efficiency with respect to air-gap length, validate the 
importance of having a smaller air-gap length, minimised as low as practically 
possible.  
The torque and power factor of the simulation are plotted in Figure 3-50. 
The torque increases linearly with air-gap length while the power factor increases 
up to 0.4 mm and starts to drop in a non-linear manner for further increase in air-
gap length. The changes in power factor are not much significant with other 
parameters. The saliency ratio is only dependent on DQ inductances. Both 𝐿  and 
𝐿  are driven by resultant flux linkage, which is shown in Figure 3-51 along with 
DQ inductances. The changes in D and Q axes flux linkage and inductances against 

































Figure 3-50: Analysis VII - Torque and power factor as a function of air-gap length 
The D axis flux linkage has a rather rapid increase for a large air-gap length 
and lower rate of change for the rest of the gap length. While the Q axis flux 
linkage increases gradually for large gap length and rapidly increases for lower 
ones that make the DQ inductance to follow the same. It is replicated in the DQ 
voltages as well as flux linkages are shown in Figure 3-51. DQ frame voltages are 
obtained from the derivation of the flux linkage with respect to the time. As 
anticipated, the magnitude of both 𝑣  and 𝑣  are reduced for small gap lengths 
because the rate of change of flux linkage is less at small gap lengths. The DQ 
magnetising inductances are given in Figure 3-52.  
 




























































































Figure 3-52: Analysis VII - DQ voltages and torque ripples as a function of air-gap length 
The air-gap length has a significant impact on the D axis inductance and 
flux linkage compared with Q axis counterparts. Because the D axis flux directly 
crosses the air-gap to reach rotor whereas the Q axis flux crosses air-gap, ribs 
and then barrier where the barrier insulation length is much higher. The study 
reveals that a smaller air-gap length does not guarantee machine performance.  
 
3.6.8 Impact of Non-Magnetic and Magnetic Shaft 
PM machines use a non-magnetic shaft to achieve high machine 
performance, applications that use anti-friction bearing. However, it is a question 
in the case of SynRM whether to use non-magnetic or magnetic steel for SynRM. 
Few studies are published on this topic regarding the material for the shaft. As 
SynRM performance is dependent on increasing the saliency to segregate the 
magnetic axes. It is essential to understand the field intensity along with the rotor 
and shaft space. Figure 3-53 shows the field intensity around a SynRM space. The 
intensity of the field is very high closer to the circumference and quite low along 
the shaft and almost zero within the shaft. Three different shaft materials are 
considered to verify the above statement. The flux lines diagram of all three 





















Figure 3-53: Analysis VIII - flux density vector diagram 
Although some flux lines pass through the shaft on a magnetic steel shaft, 
the flux linkage through the air-gap is not affected, as shown in Figure 3-55. A 
magnetic shaft, in theory, should improve the Q axis flux path. However, in this 
case, the DQ inductances are not significantly impacted due to low flux intensity 
around the shaft area. All three models have exactly similar D and Q flux linkages. 
The only publication that analysed shaft in detail also reported similar results 
[214]. 
 
Figure 3-54: Analysis VIII - three different shaft materials are simulated using the same 
rotor those are Non-magnet shaft on the left, regular steel (1010) shaft on the centre 






Figure 3-55: Analysis VIII - flux linkages for three different shaft materials 
As can be seen, D and Q axes flux linkages of all three designs are equal 
and not affected by shaft material. Thus, the shaft material does not play any 
critical role in the case of SynRM as it does for PM machines. 
 
 
3.7 Impact of Saturation  
Analytical investigation of saturation in a highly complicated non-linear 
magnetic circuit such as SynRM as discussed in section 2.6. FEM tool must be 
utilised to understand the total effect of saturation. This section investigates the 
saturation effects in-depth. The rotor and stator slotting effect, end coil resistance, 
end coil inductance, leakage flux and inductance, coil and lamination insulation 
are all included in this study to cover the complete practical model. In addition, 
the practical losses of the machine have been obtained by experimental results 
and are also fed into the FEM tool for precise results.  The study is conducted on 
the same design from section 0 case I(a). The simulated results are plotted in a 
3D graph for intuitive analysis. The torque as a function of current and rib 

























As reported in [104] and the above studies, the impact of saturation on the 
torque is minimal compared with other parameters. However, Figure 3-56 
compares torque of smaller and thicker ribs for varying currents where thicker ribs 
are not saturated enough to stop flux passing through them. It has resulted in a 
drop-in torque. It is worth noting that for lower currents up to almost 2 A, the 
machine does not develop the torque regardless of rib size, as it is used for 
magnetising the core. Regardless of the rib size, the characteristic of torque for 
change in current is not impacted. The torque is dependent on the magnetising 
inductance, is quite linear with increasing current as it increases the magnetising 
inductance. It is not the case for power factor and efficiency. The power factor 
depends on terminal inductance and does not increase further as increasing 
currents are wasted in saturating the core. 
 





Figure 3-57: Analysis IX - Efficiency and power factor as a function of rib size and 
current 
The efficiency and power factor experience high saturation, as shown in 
Figure 3-57. When the current goes above rated value, the ribs are fully saturated. 
The higher currents not only saturate the ribs but also saturate rotor core, 
especially the tiny segments resulting in reduced efficiency. Smaller size ribs 
improve the machine performance such as torque and power factor significantly 
as shown in the figures. However, it does not significantly change the efficiency. 
The saturation of DQ flux linkages is plotted in Figure 3-58. D axis flux linkages 
are shown in dots to distinguish it from Q axis flux in the figure. As can be seen, 
𝐹  is higher for smaller rib designs with current increases whereas, 𝐹  experience 




   
Figure 3-58: Analysis IX - DQ flux linkage as a function of rib size and current 
 
 
3.8 Core Losses  
The core loss in an electrical machine accounts for a significant percentage 
of total losses. The loss is vital to understand the performance and efficiency of 
the machine. In some machines, the core loss is nearly 15 % to 20 %, and it can 
be even higher in PM synchronous machines. In general, the magnetic steel 
manufacturers provide an estimated core loss data that can be fed into FEM tool’s 
material library (if not already included) to model core loss for a particular design. 
However, the non-linear magnetic model in SynRM and PM machines makes it 
harder to model the core losses as conventional curve fitting cannot be 
implemented in these machines. 
The core loss in the electrical machines is given by Eq. (3.12) [215]. 
c h e aP P P P    (3.12)
Where hP is hysteresis loss, eP  is eddy current loss and aP  is called excess 
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Where 𝑓 is the frequency of applied magnetic field, 𝑘 ,  𝑘  and 𝑘 are 
lamination thickness dependent coefficients. 
In order to model the core loss, it is essential to review the fundamental 
electromagnetic theory, also known as Maxell’s equations in Eq. (3.14). The eddy 
current constant 𝑘  can be obtained from Maxwell’s equations as in Eq. (3.15) 






























Like  𝑘 , other coefficients can also be broken down to show the correlation 
with lamination thickness, but it is not the scope of the present study. The Eq. 
(3.13) shows that the core loss can be minimised by merely using laminations. In 
order to achieve low core loss, 0.50 mm lamination is used in present study. The 
stator and rotor core losses are modelled into the equivalent circuit, shown in 
Figure 2-6 and accounted in the torque Eq. (2.27). The total core loss of a DQ 
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Therefore, the core loss not only stator and core iron volume dependent, 
but also current dependant. It reduces output power as well as increases the 
terminal current angle. The time-harmonic technique is utilised to model the core 
loss of SynRM in FEM tool for faster results. As the magnetic circuit of the machine 
is not linear, the curve-fitting method is typically utilised to determine the core 
loss constants in FEM tool. 
The following study to investigate the core loss is also conducted on the 
same design from section 0 case I(a). The study results are plotted in 3D using a 
curve fitting technique and a nearest neighbouring tool to clearly understand the 
changes with respect to rib thickness, as shown in Figure 3-59. Although the 
changes in rib and web thickness are minimal in terms of the core volume, the 
results show a slight difference in core loss with change in rib and web size. Thicker 
ribs add more to the volume, which leads to added core loss in comparison with 
smaller ribs. The core loss increases with current as per Eq. (3.17) which is 
validated with the simulation results. It is one of the reasons for poor efficiency 
for increasing current that was discussed in section 3.7.  
  




3.9 Impact of Cut-Off Design on Machine 
Performance 
Historically, SynRM with grooves is well known, which are placed at the 
circumference parallel to other barriers. Some earlier SynRMs had very long depth 
notches. The grooves and notches are placed to naturally improve saliency ratio 
as researchers were trying to optimise SynRM with line start cages in the earlier 
rotors. Later in the history of SynRM, the grooves were found to be a primary 
reason for high torque ripples. They are removed from modern SynRM, and little 
is reported on the topic [216-220]. In this study, the groves are chosen relatively 
similar to the barrier shape to follow the same design topology, as shown in Figure 
3-60 instead of notch shape. The reason is that notch shape introduces a shape 
edge on the reluctance path. The study conducted over 12 designs with grove’s 
length varied from 5 mm to as low as 0.15 mm. The samples of five designs are 
shown in Figure 3-60. 
AN-XI01 AN-XI02 AN-XI03 AN-XI04 AN-XI05  
Figure 3-60: Analysis XI - SynRM with grooves, samples of 5 designs are shown out of 
the 12 simulated (groove depth from left: 5 mm, 3 mm, 2 mm, 1 mm and 0.15 mm) 
The saliency ratio and torque of the simulation are plotted as a function of 
groove distance from the centre in Figure 3-61. The study confirms that the 
grooves can enhance the saliency ratio close to 10. The saliency ratio to the groove 
depth is almost linear and proportional. The design with high groove depth exhibits 
a 31 % increase in saliency ratio compared with the design that has no grove. It 
was already proven that the groove could enhance saliency and performances, the 







Figure 3-61: Analysis XI - saliency and torque as a function of the groove distance from 
the centre 
The torque and torque ripples are plotted against the groove’s distance from 
the centre of the rotor in Figure 3-62. The study found that for higher groove 
depth, the torque ripples are reduced while designs with mid-groove depth 
(between 3 mm to 1 mm) show high torque ripples. The study also reveals high 
groove depth significantly increased torque. The design with 5 mm groove 
produced 9.4 % more torque in comparison with a design without groove while 
torque ripples are also reduced by 4.58 %. The power factor followed a similar 
pattern as torque for the increase in depth of groove, as shown in Figure 3-63. 
Note: the groove distance is defined by the length between the centre of 





Figure 3-62: Analysis XI - torque and torque ripple as a function of the grove distance 
from the centre 
 
Figure 3-63: Analysis XI - torque and power factor as a function of the grove distance 
from the centre 
This study confirms that with a proper optimisation process, a SynRM can 
be designed with low torque ripples and high performance compared with an 





3.10 Current angle 
The changes in current angle change the load and torque angles, as already 
discussed in section 2.4.1 (Eq.(2.18)). It acts as an excellent element in SynRM 
control. This section studies the machine performance due to the changes in the 
current angle. The same design, used above, with 0.5mm ribs and webs, is used 
for this study without grooves. The study is conducted by applying current source 
at the rated condition, and the current angle changed from 0° to 180°. As already 
discussed earlier in section 2.4.1, the current angle is responsible for torque 
development in SynRM. At current angle equivalent to 0° Q axis current qi  is at 0 
A (refer to Eq. (2.30)). The torque will not be developed at this condition. When 
the current angle is gradually increased qi  increases to increase the torque (as 
shown in Figure 3-64).  
 
Figure 3-64: Analysis XII - DQ current changes with respect to the current and current 
angle 
Figure 3-64 shows D and Q currents with respect to supplied current and 
current angle. The unique characteristic is an excellent choice in controlling the 
machine. D axis current  𝑖  changes from positive to negative for the changes in 
the current angle as it is the cosine function of the current angle. Whereas the 
 𝑖  is the sine function that follows sinusoidal changes for 180°  changes, both 




the current angle change the power factor as already discussed in 2.5.2. The 
saturation and cross-saturation drift the maximum power angle away from its 
theoretical value of  45° as shown in Figure 3-65. Unlike PM machines whose 
motoring cycle is  45°, SynRM’s motoring cycle is  90°  as we have already seen. The 
figure shows motoring and generating cycle throughout the  180°. 
 
Figure 3-65: Analysis XII - power factor as a function of the current and current angle 
The current angle of maximum power factor changes with current but only 
slight change and within  73°  to  78°. The maximum power factor of 0.86 𝑝. 𝑢 is 
obtained for 3 A (peak-peak) case which is below the machine’s rated current at 
the current angle of  75°. As it is already seen in theoretical analysis, the maximum 
power factor drifts away from its theoretical value of  45°  (shown in Figure 2-12). 
However, it is even shifting more from the theoretical values in a practical case. 
The maximum power factor experiences high saturation as it was already 
discussed in section 2.5.2. 
Similarly, the torque of SynRM shows the same characteristics as in Figure 
3-66. The maximum torque of simulated case drifting away from its practical 
prediction (shown in Figure 2-10). Unlike power factor, the maximum torque does 
not experience significant saturation effect thus, it increases with current. The 




noted that the maximum torque angle does not change with increasing current, 
which makes this machine for torque control. 
 
Figure 3-66: Analysis XII - torque as a function of the current and current angle 
Therefore, the current controller is one of the best options for SynRM due 
to its unique characteristics with torque. 
 
 
3.11 Barrier end profile 
One of the often-ignored features in SynRM design is its end barrier profile. 
The design of the barrier end profile is very challenging and the only way to 
analyse it is using FEM. Though it is tiny and ignorable in terms of the core, its 
impact during optimising barrier shape for low torque ripples is substantial. Few 
studies have been published on this topic [165, 200, 221]. Figure 3-67 shows the 
changes in barrier profile for changes in barrier end radius. A sample of 0 mm 
radius end profile to 0.75 mm end profile is shown in Figure 3-67. However, the 
radius of each barrier for the same design is kept the same. As can be seen, the 




suit the design. Thus, the end profile radius of a design is determined by the 
thickness of the smallest barrier, typically the last barrier in the design.  
Six different designs are simulated by varying the radius in this 
investigation for an optimised design. The torque ripples and saliency ratio of each 
design is plotted in Figure 3-68 as a function of the end barrier radius. The torque 
ripple is reduced by 48 % by merely changing the end barrier radius from 0.00 
mm to 0.75 in a design. This novel approach will be further discussed in the 
subsequent section 4.6 for practical applications. On the other hand, the saliency 
ratio is dropped by 3.4 % for the same change in the radius that resulted in a drop 
in performance, as shown in Figure 3-69. The torque and power factors are 
reduced by 1% for the same change in the end barrier radius. 
End radius 0.00 mm
End radius 0.30 mm
End radius 0.45 mm
End radius 0.60 mm
End radius 0.75 mm
 
Figure 3-67: Flux barrier end radius of five barriers that are simulated for this study 
The smooth end barrier profile can help to reduce the torque ripples. It has 
a drawback as it impacts the machine performance. However, the drawback can 






Figure 3-68: Analysis XIII - Torque ripples and saliency ratio changes as a function of 
barrier end radius 
 




This section investigates the machine in a simulation environment using an 
advanced FEM tool. Design meshing is one of the most critical items in the 
modelling and simulation of SynRM. It makes sure the results are accurate. An 































































to improve the meshing (in section 3.2) only around the critical area such as air-
gap and stator slots. This section also modelled the base SynRM in FEM.  
The average solutions of SynRM such as torque, power factor, efficiency, 
core-loss DQ currents, DQ flux linkage and DQ voltages are not in-built in Ansys 
Electronic Desktop. The average solutions have been developed in this section via 
output parameters based on the analytical models developed in section 2. The 
machine performances are determined using the developed average solutions. 
Researchers have used various shapes of flux guides for SynRM. This study finds 
an optimum barrier shape that can yield the best performance. And using the 
barrier shape and further simulations, it also develops a multi-barrier design for 
high performance. 
SynRM rotor dimensions such as barrier location and number of barriers are 
investigated by utilising parameterisation method to define the optimum rotor. 
The tangential ribs and radial webs are investigated as never before using 
primitive barrier design techniques, and an optimum rib and web sizes are defined 
for small range machines. The study further investigates the saturation and cross-
saturation effects on the machine special on flux linkage. An alternative solution 
is proposed to avoid unnecessary saturation and cross-saturation. Core-loss of a 
SynRM is has been defined methods are proposed to model in the simulation 
environment. A cut-off design has also been revisited with advanced FEM 









Analytical method lays a platform to define the necessary specification of 
SynRM. Due to the highly complicated non-linear magnetic circuit in a SynRM, it 
is not easy to model it by an analytical formula. Although the literature on the 
SynRM derives equations, they are based on many assumptions thus, the outcome 
is not always nearly as a practical rotor. Notably, in the case of SynRM, the 
dimensions should be highly precise to obtain a machine with not only better 
torque and power factor but also with acceptable torque ripples. 
On the other hand, the FEM is a great tool to model the SynRM non-linear 
magnetic circuit. In FEM, all the practical elements that cannot even be considered 
in an analytical method such as end coil inductance and end wire resistance, eddy 
current effect and core losses can be included to its precise core. If the machine 
is properly modelled, the results are almost as accurate as a prototype. However, 
the question is, can it be adequately modelled at first attempt. Based on the above 
studies, there are numerous factors that should be looked into to model an 
optimum SynRM that is close to a real one. It requires highly precise detail to start 
the design process, which is very challenging to find from a rational design.  
Hence, the solution to yield an optimum machine, FEM should be coupled 
with either parameterisation techniques or optimisation technique. Although 
parameterisation can predict the domain that the solution lies, optimisation can 
precisely find the answer if it is correctly handled. In the modern machine design 
practice, it is a common practice to couple FEM with optimisation to achieve the 
best solution. Otherwise, it will only be a trial and error process. In this section, 
the same primitive design discussed in section 3.3 is used as a sample for single-
objective optimisation (SOO) and multi-objective optimisation (MOO) to reveal the 




This study exploits a computationally efficient optimisation algorithm in 
conjunction with FEM tool in order to optimise the predefined surrogate model. 
The optimisation algorithm uses response surface technique to determine the next 
solution, which is explained in the subsequent section. An existing algorithm which 
was designed to optimise PM Synchronous machine is used. The Sequential non-
linear program is selected for the initial optimisations due to its fast and 
multivariable processing capabilities. Also, its outcome is relatively accurate, so 
fine-tuning is not needed. Another option is the utilisation of artificial intelligence 
techniques that can significantly reduce manual interaction and cost involved in 
machine design. However, the application of artificial intelligence with FEM tools 
on SynRM design optimisation is not encouraged because of the long process 
duration, and multiple selection scenarios involved in the design process [200].  
 
 
4.2 Optimisation Algorithm 
Electrical machine design optimisation is a step by step procedure. All 
algorithms necessitate the nominal problem to be closer to the optimal solution. 
Therefore, it is significant to specify a domain that is close enough to the optimal 
solution. As it involves a sequence of steps, the optimiser should be a sequential 
one to determine the next step for the lower cost function. After careful 
considerations, sequential non-linear programming (SNLP) is selected for this 
investigation over others because it handles the problem in more depth as well as 
it supports large scale design optimisation. SNLP is similar to sequential quadratic 
programming equally sequential and moves step by step toward a solution. 
However, in SNLP, the reference surface is in higher order that permits a higher 
number of variables (optimisation inputs).  
The SynRM problem requires optimiser to handle continues variables 
(variable range is continuous) in sequential space. SNLP and Quasi-Newton (QN) 
optimisers assume that the noise is insignificant. From FEM approximation and 




function with regards to input variables which permits SNLP to determine the 
location of improvement points for the next iteration. General cost approximation 
of SNLP is more precise over other algorithms, which makes SNLP to reach a 
solution faster than others.  
SNLP creates a response surface (RS) using Tayler series from previous FEM 
simulations to determine the direction of the next iteration. RS acts as a substitute 
for simulation results and reduces the number of iterations during optimisation. 
As a result, it improves convergence and RS approximation. The goal is to achieve 
a response model that is accurate enough on a broader scale hence, the search 
steps are properly led by the surrogate model even for higher steps. Besides, the 
RS technique in SNLP proves to have noise suppression properties. The SNLP 
algorithm handles sequential discrete inputs well (8-12).  
For this reason, the external calculation (optimisation) can be detached to 
FEM analysis. The objective function of SNLP 𝑓 𝑥  is given by its local non-linear 
gradient for continuous and discrete variables (Eq. (4.1)), where 𝑔 𝑥  and ℎ 𝑥  are 
constraint functions by their local affine approximation (Eq. (4.2) and (4.3)). The 
algorithm defines a multi-objective optimisation with three objectives i.e. 𝑓 𝑥 , 
𝑔 𝑥  and  ℎ 𝑥 . A single-objective optimisation will only have one objective. 
           1
2
Tk k k k k k
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      k k kg x g x g x x x    (4.2)
      k k kh x h x h x x x    (4.3)
Whereas, QN works on the basis of finding minima or maxima of a cost 
function which relates to variables in the model to overall simulation goal. The 
cost function relates the variables to field quantities. However, QN is a gradient 
method, with two fundamental problems. The first is a possible local minimum; 




drawback is, QN has high numerical-noise, which is not preferred in gradient 
techniques. In order to use QN effectively, the cost function should be modelled 
with smooth characteristics, and the starting point should be selected near to the 
optimal point as far as possible. It makes QN an excellent fine-tuning tool than an 
overall optimise tool. 
In addition, a parametric approach can be coupled with optimiser in order 
to better prepare for the optimisation process using the same inputs. Hence the 
focus minimum and maximum points of each variable can be determined even 
before the optimisation process. The parametric study results can automatically 
be used as input into a rather sophisticated optimisation analysis tool. As a result, 
the process time can significantly be reduced. The optimisation tool will then 
obtain local minima (lowest cost), contour details of the parametric study, and 
continue optimisation from the lowest cost design. Figure 4-1 shows an example 
of the contour of the cost function 𝑓 𝑥  in large-scale optimisation. If the focus 
range of each input is fed into sequential mixed non-linear programming 
optimiser, it can narrow down the domain of the problem and redevelop the 
solutions. 
 Nevertheless, there is a drawback associated with it, as discussed with 
results in a later chapter. The numerical noise in SNLP is considerably low, as 
displayed in the figure. The SNLP optimisation is decided based on local minima 
to obtain better optimisation parameters. The SynRM average performance 
(mentioned in section 3.4) parameters are typically not inbuilt in the FEM tool. 
Thus, it is scripted using IronPython language and used as performance computing 





Figure 4-1: Typical Contour of the cost function  f x  
 
 
4.3 Optimisation Topology of a four-barrier 
model 
A rotor of SynRM can have several distinctions in regards to rotor 
dimensions such as rib sizes, the location of the barrier, insulation ratio and barrier 
end profile. The researchers have taken FEM tool for analyses and optimisation of 
SynRM. The modern FEM tools are generally equipped with optimiser and 
optimisation algorithms for post-processing while a customised algorithm can also 
be coupled with FEM tool, such as MATLAB based algorithm can be coupled into a 
FEM program for optimisation processing. 
The optimisation process includes input variable(s) and target(s). The 
number of inputs and targets are generally limited by the algorithm. Some 
algorithm is designed to work with multiple inputs and target such as sequential 
mixed integer non-linear programming. Generally, the outcome of this type of 
algorithm needs fine-tuning. On the other hand, some algorithm such as Quasi-
Newton’s method can only take a minimal number of inputs variables (single 
variable provides the precise solution), but the outcome is accurate.  
Moreover, the higher number of variables in the optimisation process 
increases the need for computation power as well as design time. Besides, the 





In general, a primitive design is preferred so that the dimensions can be altered 
during automated optimisation and parameterisation processes. 
A high torque density is fundamental in any rotating machine design. 
However, the torque is not the only parameter of importance and other 
parameters, such as power factor and torque ripples are also crucial in machine 
design. Although, a vast amount of research has been published on SynRM, most 
of the research papers on optimisation focus on torque optimisation. However, 
few studies have been published on the optimisation of SynRM using multi-
objective optimisation algorithms [92, 96, 201, 203]. The above mentioned three 
parameters require a compromising approach during the selection of each variable 
domain. This section analyses the limitation on each parameter and the influences 
of design variables to each parameter.  
Torque density of SynRM motor depends on various design factors such as 
the number of flux barriers and insulation ratio as discussed in section 3. The ribs 
and webs, to some extent, help in reducing the torque ripples by the introduction 
of iron in the Q axis. However, it increases the flux in Q - axis, with negative 
impacts on D & Q inductances. A SynRM torque is proportional to the inductance 
differences. Therefore, the machine torque is reduced, which is not negligible. 
Thus, it is essential to make the ribs size as minimum as mechanically possible. 
Thus, the optimisation of torque, power factor and torque ripples is a great 
challenge in this type of machines.  
4.3.1 Optimisation topology  
Generally, the optimisation process takes longer time depending on the 
number of variables, meshing size and optimisation arrangement. Thus, the 
ultimate goal of any optimisation design is minimising the time and automating 
the design so that the solution is reached within reasonable duration as well as 
without any interaction or re–fine-tuning. The topology developed is designed in 




is also designed to be used for single and multi-objective problems so that the 
optimisation results can be compared. 
This study focuses on four barrier–design to keep the consistency 
throughout as well as it is the optimum number selected for the prototypes of the 
machine. However, the topology can also be applied to any number of barriers–
design by eliminating one barrier out from the design shown in Figure 4-2. It 

































Figure 4-2: Optimisation topology with input variables of a four–barrier rotor 
In order to enhance the optimisation process and minimise the optimisation 
time, the variables should be minimised as much as possible. Although there may 
be numerous ways to prepare and interconnect the variables, this study follows 
the following topology. The topology has been modelled based on numerous 
optimisation post-processing. The equations (4.4) – (4.7) relates the lengths 
between each barrier to the centre, where  𝑅  is known from section 3.6.4 and 
𝑥 is constant. The topology can be changed by altering either or both of the two 




barriers, are minimised from four variables to a single variable which is  𝑟. The first 
barrier location 𝑅  is already known from the study conducted in section 3.6.4 
for first barrier location. 
All barriers are designed with webs while the ribs size is used to its 
mechanical minimum. The ribs and webs are associated as in Eq. (4.8) as it is 
already discussed in section 3.6.6. As the impact of ribs and webs is already 
known, it is selected as constant. Thus, the optimiser’s complexity is minimised 
and consistency is maintained between SOO and MOO analyses. In order to give 
more freedom to vary the design, each barrier thickness is assigned with individual 
variables (𝐵 , 𝐵 , 𝐵  and 𝐵 ), as shown in Figure 4-2. The impact of barrier leg 
angle and its radius is already known. Thus, they have been selected constants 
for the optimisation process. 
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Thus, the number of input variables is reduced to five. The SynRM rotor 
design can be changed from one design to another by altering a single or 
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The following three sections investigate single-objective optimisation (SOO) 
for torque, power factor and torque ripples. All design parameters are kept 
identical for the investigation except the objective function, which is changed to 
suit for each optimisation problem. Finally, all three objectives are optimised 
together using the same objective functions combined into the multi-objective 
study with equivalent weight.  
 
 
4.4 SOO: Optimising for Maximum Torque 
Single–objective optimisation on torque is examined using the above 
optimisation topology. SOO torque optimisation problem is defined as in (4.10): 
8.5 [ ]T Nm  (4.10)
The four optimised models are shown in Figure 4-3. The best and near best 
designs are arranged from left to right and named in numerical order. On the other 
hand, it is also essential to see how the other designs look. Thus, the four worst 
designs are shown in Figure 4-4 in descending order. Seemingly, the worst design 
is not the worst, as the optimiser is not looking for the worst. All four optimised 
designs are very similar in terms of dimensions with minor changes. Hence, it can 





The critical design aspects to note from the results are: 
- All good designs follow the same pattern. Therefore, the best solution 
lies in the same variable domain 
- Barrier thickness for maximum torque is rationally distributed over the 
rotor space 
- The segment along the circumference is neither too small nor too big. 
On the other hand, an oversized segment along the circumference 
reduces the developed torque (from Figure 4-4) 
- First barrier should not be too closer to the shaft, as it will reduce the 
torque. 
AN-XIVOI_B01 AN-XIVOI_B02 AN-XIVOI_B03 AN-XIVOI_B04  
Figure 4-3: Analysis XIV – Optimised design of single-objective optimisation for torque: 
the finest four designs are given from left to right 
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Figure 4-4: Analysis XIV – Single–objective optimisation for torque: the worst four 






4.4.1 Overall performance of SOO for torque 
The SOO for torque finds the solution with high torque, as shown in Figure 
4-5. The optimised torque is almost 20 % higher than that of the base design 
selected for this study. The other parameters such as power factor and torque 
ripples, are not significantly impacted. The power factor of the optimised design 
is similar to the other designs and lies in the range of 0.82 𝑝. 𝑢.  
Note: The best designs and worst designs are marked as BSTX and WSTX 
(where X denote digits), respectively in the following graphs. 
 
Figure 4-5: SOO for torque: torque and power factor as a function of best and worst 
designs 
The torque ripples of the analyses are shown in Figure 4-6. Torque ripples 
of the optimised designs are in the lower range compared with the worst designs 




































Figure 4-6: SOO for torque: torque ripple as a function of best and worst designs 
Figure 4-7 shows linking between each design and insulation ratio. As 
anticipated, the insulation ratio of all four designs are quite similar and in the 
range of 0.40 for SOO for torque. The design with low torque density shows even 
smaller insulation ratio. 
 
Figure 4-7: SOO for torque: insulation ratio as a function of best and worst designs 
This SOO reveals an important design fact. SOO for torque indeed finds the 
solution with high torque density. However, the SOO for torque lacks to optimise 



































4.5 SOO: Optimising for Power Factor 
The SynRM machine generally has poor power factor. This study shows 
possible improvement in power factor by adopting the correct barrier dimensions 
and placing them at the optimum location without skewing. 
The power factor is investigated on the same topology without any changes. 
The optimisation objective is defined as in (4.11). 
0.85 [ . ]pf p u  (4.11)
Figure 4-8 shows four designs, including the best to near best designs. As 
can be seen, all four designs are quite similar with small changes in dimensions 
except the best design. The designs are quite similar to the one obtained for 
optimal torque. The barriers are rather equally distributed, and the segment along 
the circumference is slightly smaller compared with the design for optimum torque 
designs, as shown in Figure 4-3. The first barrier location  𝑅  is slightly higher 
than that of the one obtained for torque. On the other hand, the worst designs are 
shown in Figure 4-9, where the designs do not follow any patterns.  
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Figure 4-8: Analysis XIV – Optimised design of single–objective optimisation for power 
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Figure 4-9: Analysis XIV – Single–objective optimisation for power factor: the worst four 
designs are given from left to right 
The optimisation certainly enhances the power factor, as shown in Figure 
4-10. However, an increase in power factor is not significant in comparison to the 
one obtained in the above study. On the other hand, the power factor is increased 
only by around 2 % compared to optimal torque. The torque and power factor are 
more or less the same between the four optimised designs, as shown in Figure 
4-10. 
 
Figure 4-10: SOO for power factor: torque and power factor as a function of best and 
worst designs 
Torque ripples of the optimised design (for power factor) are improved 
compared with the once for torque where the best design has seen a reduction of 
33 % as shown in Figure 4-11. Overall, the ripples of this study are lower than 




































is quite safe to say the optimisation for power factor improves the ripples better 
than the optimisation for torque. However, set back of this method is, it reduces 
the torque by a substantial percentage. 
 
Figure 4-11: Torque ripples as a function of best and worst designs 
The optimisation results show a slight increase of ripples for the other three 
optimised design compared to AN–XIVOII_B01, which is directly correlated to 
insulation ratio of the designs in Figure 4-12. Insulation ratio of SOO for torque as 
well as for power factor has insulation ratio between 0.4 and 0.5 should be noted 
as this is the same case for the next two optimisation which will be discussed 
further in the subsequent sections. 
 




































4.6 SOO: Optimisation of Torque Ripples 
SynRM has also have high torque ripples due to its polarised magnetic axes 
and asymmetric circumference. This section deals with single-objective 
optimisation of torque ripples, whereas detail study on this is discussed in section 
4.8 with unique optimisation techniques. This section continues with the same 
SOO but for torque ripples. 
SOO for torque ripple is investigated with the same topology without any 
changes. The optimisation objective is defined as in (4.12). 
 12%Torque ripple   (4.12)
Similarly, the four best designs and worst designs are given in Figure 4-13 
and Figure 4-14, respectively. As can be seen, the barrier thicknesses are reduced 
significantly compared with the above two investigations. Further, the barriers are 
placed away from the centre, and iron segments are quite bigger than the above 
two studies. On the other hand, inferior designs do not follow any pattern in this 
study. This optimisation substantially reduces machine performances for torque 
ripple as can be seen in Figure 4-15.  
AN-XIVOIII_B01 AN-XIVOIII_B02 AN-XIVOIII_B03 AN-XIVOIII_B04  
Figure 4-13: Analysis XIV – Optimised design of single–objective optimisation for torque 





AN-XIVOIII_W01 AN-XIVOIII_W02 AN-XIVOIII_W03 AN-XIVOIII_W04  
Figure 4-14: Analysis XIV – Single–objective optimisation for torque ripples: the worst 
four designs are given from left to right 
The torque is almost reduced by 6 % compared with optimal torque and 
power factor is by 5.5 % compared with optimisation for power factor. However, 
the torque ripples are significantly reduced by 235 % and 147 % in comparison 
to the designs for torque and power factor, respectively. The optimised torque 
ripple is less than 10 % of the total torque which is well within the acceptable 
range for most of the applications. 
 
Figure 4-15: SOO for torque ripple: torque and power factor as a function of best and 
worst designs 
The torque ripples are plotted in Figure 4-16. The four optimised designs 
show similar ripples below 10 % of the average torque. However, the poor designs 



































Figure 4-16: SOO for torque ripple: torque ripple as a function of best and worst designs 
The insulation ratio is quite low as it can also be seen in designs (Figure 
4-17). The design AN-XIVOIII_B01 has quite low insulation ratio compared with 
the other three optimised designs, and it does not follow any pattern. One key 
point to be noted that optimisation for torque ripple requires relatively low 
insulation ratio whereas the other two design requires slightly higher insulation 
ratio.  
 
Figure 4-17: SOO for torque ripple: insulation ratio as a function of best and worst 
designs 
This investigation obtains an expected torque ripple even without any other 
ripple minimisation methods such as skewing, segmental design, or the high 





































Single–objective optimisation (SOO) is a useful tool if the problem has only 
a single target or problem’s objectives are interconnected. However, in the 
problem such as SynRM, the objectives are independent. Applying single–
objective optimisation, as shown earlier cannot optimise other objectives. The 
ripples are quite high when just optimised for either torque or power factor and 
vice versa. The three optimisations prove that a SynRM can be designed to have 
reasonably high torque density with relatively high–power factor and acceptable 
ripples by merely optimising the barrier shape. Thus, SynRM should use multi 
optimisation for a better outcome. 
 
 
4.7 Multi-Objective Optimisation 
Multi-objective optimisation (MOO) is utilised for the same problem as 
defined in (4.13). By defining the problem with the exact definition of SOO’s, the 
consistency is maintained with added weight to the optimiser. 
(8.5 [ ]) & 0.85 [ . ] &  12%T Nm pf p u Torque ripple    (4.13)
The optimisation results are, similarly, shown in Figure 4-18. As can be 
seen, the optimised design follows the design strategy in terms of barrier thickness 
and placements, as discussed in section 3.5.1. The thickness of all four barriers of 
design AN-XIVOIV_B01 is rationally distributed.  
AN-XIVOIV_B01 AN-XIVOIV_B02 AN-XIVOIV_B03 AN-XIVOIV_B04  
Figure 4-18: Analysis XIV – Optimised design of multi-objective optimisation: the finest 




The best designs from MOO shows insulation ratio between 0.4 and 0.6, as 
shown in Figure 4-19 and Figure 4-20. It is quite safe to assume that optimised 
designs have insulation ratio between 0.4 and 0.6, but vice versa is not always 
correct based on this investigation as well as the above SOO. 
 
Figure 4-19: Analysis XIV – Multi-objective optimisation: cost function of optimisation as 
a function of insulation ratio (cost function is inversely proportional to performance) 
 
Figure 4-20: Analysis XIV –Multi-objective optimisation: insulation ratio with respect to 
optimised designs 
The optimisation topology parameter 𝑟 is plotted against the cost, as shown 
in Figure 4-21. The best designs for 𝑟 lie between 3.00 mm and 3.25 mm. It 
suggests that for better machine performance, the barriers should have 





























parameters, torque and power factor, are plotted in Figure 4-22 while torque 
ripples are plotted in Figure 4-23. The torque of MOO is slightly reduced by 1.4 % 
compared with SOO for torque. However, it is improved by 18 % compared to the 
base design given in Table 3-1. The power factor is slightly reduced by 0.5 % 
compared with SOO for power factor but still improved by 15.3 % compared with 
the base design. On the other hand, the torque ripples, shown in Figure 4-23, are 
slightly higher than that of the SOO for ripple by 20% but still within the acceptable 
range for most application.  
 
Figure 4-21: Analysis XIV – Multi-objective optimisation: cost function of optimisation as 
a function of the variable r  
 
Figure 4-22: Analysis XIV –Multi-objective optimisation: torque and power factor with 


















































Figure 4-23: Analysis XIV –Multi-objective optimisation: torque ripple with respect to 
optimised designs 
Multi-objectives, i.e. torque, torque ripples and power factor of the machine 
are optimised. This study investigates the application of single and multi-objective 
optimisation and its usefulness in SynRM optimisation. The optimisation of torque 
ripples is quite sensitive and need further analyses, simulation and optimisation 
which is discussed in the next section. 
 
 
4.8 Optimisation for Torque Ripples  
In this section, the torque ripples minimisation is studied using FEM and 
optimisation tools. The same optimised design from above studies is utilised for 
this analysis. As discussed in section 2.5.4, the rotor geometry should be 
optimised along with other factors in order to improve the ripples effect. The 
ultimate goal of this investigation to optimise the rotor barrier dimension to obtain 
a low torque ripple machine. As it is already discussed in Eq. (1.16) and Eq. (2.56), 
the primary cause of torque ripple is the DQ flux linkage fluctuations with respect 
to the rotor reference angel  𝜗. The reason is that the cross flux from the stator to 
the rotor during the rotation is not smooth. As a result, the rotation experiences 






















for torque ripples but there are other factors as already discussed in the section 
2.5.4.  
The investigation focuses primarily on rotor optimisation. One of the well-
known methods to optimise SynRM for low ripples is selecting the number of 
barriers to match the stator slots as in Eq. (3.9) and aligning the barriers ends to 
stator slots, as discussed in [222]. Since then many methods are proposed such 
as fractional slot [128], optimising barrier shape [88, 223], segmented rotor pole 
lamination [97], rotor skewing [90, 172], and use of five-phase system [114, 
183]. Each method has its pros and cons, such as a five-phase system need an 
entirely new design and drives system, which will be expensive for the industry. 
Further, a segmented rotor pole lamination can be expensive and reduce the 
machine’s mechanical integrity.  
In this study, a four-pole rotor with four barriers is selected since it can 
cover all stator slots. The investigation targets barrier slot pitch and the barrier 
position with respect to stator slots are vital for the ripple’s minimisation. 
Therefore, the simulations carried out to determine the ripples effects of three 
different models where each barrier slot pitch is changed with respect to its stator 
slots. It is further verified using advanced optimisation techniques to determine 
the optimum position of barriers.  
4.8.1 Barrier and Stator Slot Pitch Angle 
A rotor with four barriers is selected for this analysis, as shown in Figure 
4-24. The first section of the figure shows a linearised half pole rotor and barrier 
alignments of the three designs where the barriers are aligned in three possible 
scenarios. The SynRM, selected for this analysis, is not optimised one rather an 
arbitrary design for the purpose. The first scenario (a) is when the rotor barrier 
ends are aligned with stator slots (or slot pitch design - SP). In this case, the slot 
angle is defined as  𝛼 . The second scenario (b) is when the barrier ends and slots 
are partially aligned (also called intermediate slot pitch - MSP). In this case, the 




is when the barrier ends are aligned with the stator teeth, where the slot angle is 
aligned at its maximum   𝛼  (off slot pitch - OSP). 
 









Figure 4-24: Analysis XV: (a) Each rotor barrier is aligned to the stator slot at slot 
angle(SP)    𝛼𝑠𝑖0 (b) Each barrier at   𝛼𝑠𝑖  with respect to the associated slot(MSP), (c) Each 
barrier at Maximum slot angle   𝛼𝑠𝑖𝑚𝑎𝑥 (OSP) 
Though the barrier slot angle is investigated in this study, it is essential to 
note that the location of the barrier is naturally moved due to the placement of 
the barrier. Consequently, the shaft to barrier and barrier to barrier gap is altered. 
However, the air to steel ratio is not affected due to the barrier slot angle 
differences. In this FEM analysis, the stator slotting effects, end leakage 
inductance, coil inductance and resistance are included for precise results. The 
alignment of the rotor barriers to stator slots has been one of the few methods to 
minimise the torque ripples in SynRM. The instantaneous torque of the FEM 
simulation is plotted as a function of time in Figure 4-24 where the SP and MSP 




The designs SP, MSP and OSP demonstrate torque ripples of 113 %, 62 % 
and 120 %, respectively, as shown in Figure 4-25 and Figure 4-26. As mentioned, 
the design used is only to investigate the three possibilities, hence the results are 
not optimum. The results show that neither slot pitch nor off slot pitch helps to 
improve the ripples effect, and the optimum topology lies for barriers in between 
stator slots. The slot pitch design recorded high average torque density of 8.38 
Nm. It is due to the location of the first barrier. The further the barrier from the 
shaft, the lower the torque [91, 148]. It can be seen in the three designs that SP’s 
first barrier is the closest to the shaft and OSP’s first barrier is the furthest from 
the shaft. Therefore, SP has high, and OSP has the lowest torque of all three 
designs.  
Whereas, the intermediate slot pitch design (MSP) shows better 
performance in comparison to the other two designs in terms of torque ripples, 
but its performance will always be within the other two low and high ends. Another 
intriguing effect worth noting is that pf of all three designs remain unchanged. The 
FEM simulation results show relatively high torque ripples for SP and OSP. 
 























Figure 4-26: Average torque and torque ripple with respect to the three designs 
Another study is performed to obtain torque pulsations at no-load 
equivalent of a PM machine’s cogging torque for the three SynRM’s. Although, 
there are no PMs in the rotor to produce the cogging torque, the machine 
experience torque fluctuations at no-load. A simulation is performed at really slow 
speed and no-load to understand the torque pulsations. The results are shown in 
Figure 4-27. A powerful simulation is carried out using the same 2D FEM on all 
three designs with precise fine time-steps. The number of FEM elements in the 
model is increased to have adequate mesh to determine the cogging torque. In 
order to simulate cogging torque, the load from models removed and simulated 



































Figure 4-27: Analysis XV – Torque ripples of the three designs as a function of time 
The torque pulsations of the three designs at low speed and no-load is 
exactly similar to the torque ripples obtained at rated condition. Similarly, design 
MSP shows lower ripples in this investigation. It validates the argument that by 
correctly placing barriers in such a way in between stator slots and teeth can 
significantly improve ripple effect. 
4.8.2 Optimisation for Slot Pitch Angle 
In this investigation, the same four barrier rotors are investigated with 
optimisation techniques specially designed for barrier slot angle variation. The 
shape of the barrier remains unchanged while changing the slot pitch angle. The 
optimisation of individual barrier shape or its other dimensions will not provide a 
systematic process. Minimisation of optimisation variables is impotent for effective 
time-saving. Therefore, all four barriers are selected as a group to perform this 
study. The change in one barrier angle may overlap into another and hence, result 
in crashing the optimisation process. Therefore, the projection angle of each 
barrier slots indirectly varied in such a way by changing each barrier distance to 
the shaft and the barrier thickness. The low and high limits of each barrier 






















defined, then the optimiser will automatically overlap the barriers during 
optimisation.  
Hence, it either results in false readings or end up crashing the entire 
process. For this torque ripples optimisation, a different approach is used from the 
previous optimisations. The optimisation variables are defined, as shown in Figure 
4-28 where four space (𝑅 ) and four barrier variables (𝐵 ) are selected. Initial 
slot pitch angles (𝛼 ) are selected arbitrarily. Therefore, the optimiser has a 
broader range to search for the best design, as shown in Figure 4-28. The 






















Figure 4-28: Analysis XV – Parameterised design with 4 hyperbolic barriers for 
optimisation 
The optimiser finds numerous close designs with low ripples. The optimised 
four barrier design is shown in Figure 4-29. The design optimisation is found at 




barrier arrangements for high torque density in above studies. However, in this 
study, high degrees of freedom have been granted in terms of barrier placements 
as well as movement to change the end angles. The torque pulsation of the 
optimised model (OPT-A) is shown in Figure 4-30. The improvement in ripples of 
OPT-A compared with SP, MSP and OSP is exceptional.  
It is evident that slight movement and alignment of the barriers can 
minimise the torque ripples to an acceptable level without significant modification. 
However, the result is achieved with a slight drop in average torque of the machine 
by 2.6 % compared with the design from single-objective optimisation for torque 
(in section 4.4) and 2.02 % compared with design from multi-objective 
optimisation (in section 4.7). On the other hand, the torque ripples are minimised 
by 74.6% compared with the design from MOO. Moreover, the power factor is also 
slightly reduced by 1.2 % compared to the MOO design. 
 






Figure 4-30: Analysis XV - Torques of three optimised designs (OPT-A, OPT-B and OPT-
C) as a function of time 
All the three barriers other than the first have moved towards the shaft 
(they are placed at the lower end of   𝑅 , 𝑅  and  𝑅 ). It is because, the optimiser 
tries to eliminate the barriers as they are causing ripples from the response 
surface results. To further study this problem, a three barrier-design (with the last 
barrier removed) is optimised by the same way by maintain all other parameters 
unchanged (OPT-B). The barrier shape discussed in section 3.3 primarily focused 
on the saliency ratio. In order to understand the influence of the barrier shape, 
hyperbolic arc (OPT-C) and circular (OPT-D) barrier designs are also simulated 
with exact design dimensions (but not optimised) and shown in Figure 4-31.  
The optimised design is much similar to the one obtained in the above study 
(OPT-A) except it does not have the last barrier. The torque ripples of this design 
is reduced as given in Table 4-1, and the ripples are plotted along with OPT-A in 
Figure 4-30. As already seen, less-number of barriers mean lower saliency and 
poor performance which is shown in this investigation. On the other hand, the 
circular barrier design shows torque ripples of 1.1 % of its average torque. The 
machine performance of the circular barrier design is slightly lower compared with 
other designs, as shown in Table 4-1. The hyperbolic arc design shows quite high 
ripples compared with the other three designs, but still well within the acceptable 



















Table 4-1: Analysis XV - Machine performance of three optimised designs 




OPT-A 8.14 0.81 0.032 
OPT-B 7.90 0.79 0.031 
OPT-C 7.59 0.79 0.011 
OPT-D 8.25 0.82 0.103 
 
Figure 4-31: Analysis XV - Optimised SynRM with three hyperbolic barriers (OPT-B, OPT-
C and OPT-D, respectively) 
The results show two different number of barrier designs with very similar 
torque ripples. Although the barrier arrangement is unusual and non-conventional, 
the finding is quite interesting. The results prove that a special SynRM machine 
can be designed with high machine performance by proper optimisation 
techniques.  
4.8.3 Impact of barrier end profile on torque ripples 
The primary reason for high torque ripples in SynRM is that the 
circumference is magnetically not even. As the rotor rotates and barrier ends to 
pass through stator teeth, it causes magnetic asymmetry to the system. Although 
the tangential ribs provide considerable magnetic smoothness, the reluctance 
pulsation is quite high to cause torque pulsation. One way to minimise the torque 
pulsation is by increasing tangential rib size, but it will compromise the machine 
performance if oversized. Thus, the alternative way is to optimise the end profile. 




barrier end radius, as shown in Figure 4-32 for the optimised design OPT-A. The 
torque ripples with respect to each design is plotted in Figure 4-33.  
 
Figure 4-32: Analysis XV - Barrier end profile investigation 
 
 
Figure 4-33: Analysis XV – Torque ripples of the four designs 
 
The results reveal that there is an optimal end barrier radius for least 
ripples. The torque, power factor and torque ripples are plotted against the radius 
in Figure 4-34 where the changes in torque ripples have the lowest point. The 
minimum ripple is obtained at 0.5 mm for this design. As we have seen in section 
3.11, the increase in the radius results in poor machine performance which is also 
proven in Figure 4-34 where torque and power factor has dropped higher radius. 
The results reveal that there is an optimal value for the end barrier radius. The 
drop-in machine performance is not significant though, a design guideline shall be 

























































Figure 4-34: Analysis XV – Torque, power factor and torque ripples with respect to the 




In this section, numerous methods are introduced for SynRM performance 
optimisation. A generic algorithm for multi-variable and single variable 
optimisation, especially for SynRM is discussed in details. A novel optimisation 
topology specially designed for multi-barrier SynRM is prepared for this study. It 
has been used for various optimisation processes including torque ripples 
optimisation. The study has developed numerous design techniques to alter the 
design parameters during parameterisation and optimisation. Moreover, novel 
methods are developed to inter-connect design parameters hence, optimisation 
variables can be minimised for effective optimisation.  
Torque, power factor and torque ripples are investigated via single-
objective optimisation as well as together by multi-objective optimisation. The 
three single-objective optimisations and multi-objective optimisation together 














































and torque compared with the base design. The torque and power factors are 
increased by 18 % and 15.3 % respectively compared with base design. As never 
before, the multi-objective optimisation method is utilised for three optimisation 
targets torque, power factor and torque ripples. It is proven to be effective for 
SynRM design. The results reveal all three parameters can be optimised for better 
performance if it is properly utilised. 
The optimisations reveal that a SynRM can be optimised for high machine 
performance if it is appropriately optimised. In addition, a novel torque ripples 
minimisation method is proposed for primitive designs, and it analyses various 
machine features. The study reveals that the torque ripples of SynRM can be 
minimised below acceptable level by optimisation rather than approaching 











Part II: Permanent Magnet Assisted Synchronous 









As discussed in chapters 2, 3 and 4, the torque density and power factor of 
a SynRM can be improved, but the machine still suffers due to low power factor 
(even though it has been improved by almost 20 % compared with base design, 
as found in the study presented in Chapter 3 and Chapter 4). It has been 
suggested recently that the power factor and torque ripples of SynRM can be 
improved by adding PMs, as discussed in section 1.5 [51, 116]. Unlike other PM 
machines, PMSynRM does not require high-grade rare-earth permanent magnet 
to improve its performance. Thus, special high-performance machines should only 
be designed with rare-earth permanent magnets such as neodymium while 
general PMSynRM can use ferrite magnets to enhance performances. It is essential 
to understand magnet properties in order to select the right type of magnet for 
this type of machine. This section begins with investigating the available magnets 
and its properties. 
In addition, the machine efficiency is quite high at flux weakening region 
and at low load, which make them a competitive in electric vehicle application 
which is further discussed in section 5.11.2. Due to missing rotor coils, the 
temperature rise is quite low. Thus, demagnetisation is no longer a challenge with 
even neodymium magnets. Moreover, the machine cost can be further reduced in 
size by using ceramic magnets. The quantity of PM usage in this machine is 
significantly lower compared with other PM machines such as SPM and IPM. In 
some cases, in order to avoid having empty barrier spaces in the rotor, ceramic 
magnets can be filed to improve the power. PMSynRM has shown incredible torque 
density in the constant torque and also in the constant power region. 
In subsequent sections of this chapter, the PM assisted design is reviewed, 




barrier is discussed with magnet direction, quantity and placement using 
neodymium magnets to understand its characteristics. Then the study focuses on 
high-grade rare-earth magnets (neodymium) and placement for machine 
performance. Then, the study focuses on the optimisation of PMSynRM using two 
advanced optimisation techniques. The first technique optimises the PMs in an 
optimised SynRM, while the second technique introduces a novel optimisation 
process for both PMSynRM and SynRMs. Finally, the study focuses on PMSynRM 
and SynRM operational regions MTPA and field-weakening regions. 
 
 
5.2 Permanent Magnets used in Electrical 
Machines 
The cost of rare-earth neodymium magnets had been the major issue in the 
applications in electrical machines. The prices of rare-earth magnets have 
decreased rapidly over the years, and they are quite economical to be used in 
many industrial applications. Figure 5-1 shows the prices of rare-earth magnets 
over the last decade or so. The rare-earth magnets had gone through the sudden 
boom and burst except for Alnico magnets. The search for another machine with 
high performance comparable to PM machines, at the same time that is not 
susceptible to the market surge, intensely begins during the period. As a result, 
some researchers pursued high-performance synchronous machine while others 





Figure 5-1: Cost of rare-earth permanent magnets in between 2010 and 2013 
There are a few different types of ferromagnetic materials that have been 
used in electrical machines. The well-known and widely used magnets are ferrite 
magnets or ceramic magnets ( 3 4Fe O  and 2 3Fe O ). It the most widely used magnet 
in the world because of lower cost, high-temperature up to 250°𝐶  and high 
corrosion resistance. However, its magnetic strength is not high enough compared 
with rare-earth magnets. 
Alnico (𝐴𝑙𝑁𝑖𝐶𝑜) magnets have been mass-produced over a century, and the 
process has not radically changed since then. It is also a permanent magnet made 
of aluminium, nickel, and cobalt as its name describes. It can also include iron and 
titanium depending on the magnetic strength requirement. Its properties of 
excellent stability under extreme temperature, high residual induction, high 
resistance to corrosion, makes it a better selection over ferrite magnets.  On the 
other hand, it is hard and brittle, and machining is challenging in this composition. 
However, it can be used as permanent magnets as its alloys are ferromagnetic 
and high resistance to loss of magnetism. 
 Samarium cobalt (𝑆𝑚𝐶𝑜) is a rare-earth permanent magnet which has been 




but some grades would also include iron (𝐹𝑒), copper (𝐶𝑢) and other chemicals 
such as Zirconium (𝑍𝑟) depending on the grade. It is manufactured using the 
method of reduction, melting and by process of bonding or sintering the raw 
material to form magnets. The relatively high magnetic strength (second only to 
neodymium), high-temperature performance up to 550°𝐶 and high resistance to 
corrosion make this magnet a popular choice. 
The most popular and high-quality rare-earth magnet is a neodymium iron 
boron magnet (𝑁𝑑𝐹𝑒𝐵). It is the most potent magnet to date and can attract over 
1000 times its weight. Manufacturing of neodymium magnets is relatively 
complicated, and it involves high-end technology to strip casting, remove oxygen 
(very susceptible to oxidisation), jet milling, moulding, pressing (at almost 
14,000 𝑝𝑠𝑖) sintering (at 200°𝐶 to 900°𝐶), machining, plating and magnetising (at 
the intensive magnetic field using 2400VDC/12ADC). Therefore, it is relatively 
expensive. Samarium cobalt qualities such as high magnetic strength, ultra-high 
resistance to demagnetisation, and high power to volume ratio make it one of the 
best rare-earth magnet. On the other hand, compromise in energy when used in 
high-temperature applications and inclination to corrosion require additional 
coating are some of the drawbacks of this magnet [185, 224]. 
5.2.1 Properties of permanent magnets 
The quality (grade) of the magnet is determined by its energy density 
(𝐵𝐻 ). It is often used to denote the grade of a rare-earth magnet. The magnet 
is denoted, such as grade 48 or 48 MGOe (Mega Gauss Oersted). It is the  𝐵𝐻   of 
the magnet. Magnetic properties of commonly used magnets are given in Figure 
5-2. As can be seen, the magnetic strength of neodymium magnet is quite high 
at low temperatures. However, its energy density reduces rapidly at temperatures 
above  80°𝐶. The Curie temperature of this magnet is around  150°𝐶. However, 
samarium cobalt ( 𝑆𝑚𝐶𝑜 ) can withstand high-temperatures. The temperature 
cannot increase above  75°𝐶 in electrical machines. As SynRM does not have rotor 
coils, the rotor’s temperature is somewhat lower compared with the equivalent of 





Figure 5-2: Energy density of commonly used permanent magnets (in MGOe and KGOe) 
(Curtesy: Arnold magnetic technologies) 
 
Figure 5-3 shows the magnetic properties (second quadrant) for rare-earth, 
Alnico, and ceramic magnets. It is also called magnetic reversing or 
demagnetisation properties that define the strength of a permanent magnet. 
Although the neodymium magnets have higher retention magnetism, the other 
magnets are not that far. However, due to the low coercive field intensity, other 
magnets become susceptible to demagnetisation faster than that of rare-earth 
magnets as can be seen in the Figure 5-3. The other reason neodymium magnet 
is a good candidate for electrical machines is that its linearity and high reversible 
strength. Moreover, the coercive field intensity of neodymium and samarium 



























Figure 5-3: Reversible magnetic properties in the second quadrant of the hysteresis 
graph with retention and coercing 
The high-grade rare-earth magnets are difficult to machine to obtain 
required tolerance. Therefore, the magnet size is quite essential to reduce magnet 
manufacturing cost in small range machines. Another critical feature to consider 
is that the magnet will have no air-gap between the magnet and the rotor segment 
in order to reduce leakage flux linkage. If there is an adequate air-gap between 
the magnet and barrier wall, it enables leakage flux. 
 
 
5.3 Analytical Model of PMSynRM 
An optimised SynRM can be used to achieve optimum PMSynRM. Typically, 
a PMSynRM is prepared by inserting PMs in a TLA SynRM. If the flux barriers are 
designed in such a way, PMs do not require any radial support. Hence, it can be 
axially supported by two proper end-press rings. It does not need any additional 
mechanical arrangement. Although PMs are used to enhance the performance of 




cost. Thus, it can deliver better performance per unit cost for other PM 
synchronous machines. 
Figure 5-4 shows the phasor diagram with and without PMs in the SynRM. 
As discussed earlier, PMs are inserted in the negative Q axis direction, shown in 
the vector space. As a result, the resultant flux linkage is moved to the fourth 
quadrant and nearly  90° to  𝐼 . The added PM flux linkage, in the negative Q axis, 
is given in Eq. (5.1) as a result, the induced DQ voltage (given in Eq. (5.2) is 
moved into the first quadrant from the second quadrant as can be seen in Figure 
5-4. Thus, the angle between DQ current and voltage is reduced in comparison to 
an equivalent SynRM as in Eq. (5.3).  Consequently, it improves the power factor. 
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The Eq.(5.4) shows the developed torque as a function of the torque angle. 
Due to the torque angle closer to 90°, the torque is close to its maximum as given 
in (5.5). 




T i    (5.4)
The current and the magnitude of flux linkage are not affected. The 
developed torque is increased to its maximum just by adding enough PMs. This is 
the limiting factor a further addition of PMs will not yield extra torque [225]. The 
design shall be refined to have higher currents by other means such as reducing 










5.4 PMSynRM Phasor Diagram 
From the analysis, the PMSynRM’s steady-state vector diagram can be 
drawn as in Figure 5-5. 
 
Figure 5-5: Steady-state phasor diagram of PMSynRM in DQ frame 
Due to the addition of PMs, the power becomes constant in the flux 
weakening region, as shown in Figure 5-6 in the blue line. 
 


















When the Q axis current changes its direction ( 𝑖 ), the PM torque 
components remains the same, but the reluctance torque component is changed. 
On the other hand, when the D axis current changes its direction (𝑖 ) both 
reluctance and PM torque components are changed as in Eq. (5.6). The analytical 
MTPA is no longer lies at  45° for PMSynRM. 
 3 ( )
2 2
PMSynRM d q d q pm d
p
T L L i i i     (5.6)
 
Figure 5-7: Torque speed curve of SynRM and PMSynRM 
The power factor of a PMSynRM can be derived as Eq. (5.7) using the phasor 
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Thus, the power of a SynRM can be significantly increased by merely adding 
PMs along the negative Q axis direction, as shown in Eq. (5.7). The resultant 




















to the first quadrant while the current vector is not affected, as shown in the 
phasor diagram in Figure 5-8. Now the next design question is, what is the correct 
amount of PM flux linkage? The machine characteristics shall be defined in order 
to determine the amount of PM flux correctly. Regardless of the magnitude of 
added PM flux linkage, the machine power is increased. Therefore, the machine 
characteristics are significantly impacted by the addition of the PMs. The following 
section defines the magnitude of the PM flux. 
 
 
5.5 Optimum PM Flux Linkage 
As we already know the characteristics of SynRM, it is relatively easy to 
define the PM assisted designs characteristic. The only difference between the two 
machines is the added PM flux in the negative Q axis for PMSynRM. The magnitude 
of the PM flux is essential to minimise the PM quantity, optimise the cost and 
machine performance. As per the phasor diagram, if the base SynRM’s 
performance is weak, the quantity and quality of PM (PM flux) need to be high, as 
shown in Figure 5-8. If the load angle is higher, it requires high PM flux. Therefore, 
the first and far most step in designing the PMSynRM is obtaining a fine SynRM 
before defining the PM flux.  
The PM quantity is then determined by the flux needed at characteristic 
operation. The characteristic operation is the rated realistic operation, as shown 
in Figure 5-9. The PM flux is given by Eq. (5.8). The quantity of PM selected so as 
it follows the characteristic current condition at maximum speed. In this state, the 
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Figure 5-8: A good and poor performance of SynRM’s influence on the quantity of PM 
The characteristic operation and maximum operating conditions of 
PMSynRM are defined in Figure 5-9. It shows the PM flux selection in terms of 
characteristic current where 𝜆 ,  is Q axis flux generated at flux weakening 
condition (current angle is 90°). PMs shall be inserted to compensate the Q axis 
flux. The characteristic current 𝑖  is the Q axis current at flux weakening 
























Thus, the PM flux in a PMSynRM is determined using Eq. (5.8) for MTPA and 
field-weakening operation. The quantity and grade of the PM should be selected 
in such a way that the flux linkage is just enough to develop the characteristic 
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5.6 The Basis of PM Assisted Design Simulation 
Fractional symmetry method has been used for the above SynRM analyses. 
Thus, the processing time could be minimised for a symmetrical object in FEM 
tool. It should be re-assessed to ensure the symmetry method is still applicable 
because of different directions of PM flux in each quadrature. The fractional 
symmetry method is essential to understand the application of vectors in the FEM. 
The fractional symmetry method is applied to any vector component based on the 
number of fractions (for magnitude) and boundary conditions (for direction) on a 
symmetrical object. This method has been utilised for SynRM simulation about its 
symmetrical axes. However, it is important to ensure the method’s usage for 
PMSynRM simulation as the machine has added PM flux vectors in a particular 
direction. Figure 5-10 shows one-fourth of the design in the first quadrature while 


























Figure 5-10: Applying fractional symmetry to PM assisted design 
The flux directions are shown on the other two quadrature. The boundary 
condition defines the symmetry in the FEM tool in such a way that the next quarter 
is opposite of the considered quarter as shown by the labels. Then the FEM tool 
will automatically interpret the vector directions. The X and Y axes can be 
considered as a master and slave boundary conditions for the symmetry purpose. 
There are no additional PMs in SynRM, but it is quite a similar magnetic circuit, 
and easy to comprehend. However, in the case of PMSynRM, the added flux is 
directed towards specific directions using magnetic properties. Based on the 
graphical interpretation, the magnetic direction agrees with boundary condition in 
each quadrature and follow the fractional symmetry boundary condition. It is 
verified with simulation to make sure the fractional symmetry methods results 




The first case of PMSynRM is analysed using a linear-barrier to understand 
the PM flux analysis. The location, direction and quantities of the PMs are analysed 
with a focus on the machine performance. The second study focuses on optimising 
the PMs in a SynRM. Finally, a novel optimisation topology is investigated by 
optimising SynRM and PMs simultaneously to achieve the best PMSynRM. 
 
 
5.7 Analysis of PM Assisted Design 
In this section, an optimised SynRM with a linear-barrier is prepared, as 
shown in Figure 5-11. High-grade neodymium rare-earth permanent magnets are 
used for this analysis. The design AN-PMI_SynRM is selected as the base-design 
for all other PMSynRMs with the linear-barriers. The other eleven PM assisted 
designs to have different quantities of PMs and placement. PMs are added 
incrementally into the first four PM assisted designs, as shown in Figure 5-11 (AN-
PMI_01 to AN-PM_04). The next four designs have PMs inserted along the 
intermediate axis incrementally (from AN-PMI_05 to AN-PMI_08).  
The next three designs are randomly selected to see the difference in PM 
volume along the intermediate axis. The PMs are sized to match the barrier 
thickness with 0.05 𝑚𝑚 air-gap between the magnet and barrier walls. Thus, no 
additional support to hold the PMS is required. PMSynRM is supposed to have 
optimum PM quantity. If the PM volume is high, then its PM torque becomes 
dominant, and it becomes an interior permanent magnet (IPM). This investigation 
is intended to analyse the PM quantities and PM placement. Subsequent studies 
will perform the optimisation of the PM quantities.  
The radial webs are removed from its equivalent SynRM for PM insertion. 
N52 neodymium magnets are selected for this simulation due to its high 
demagnetisation capability and reasonable temperature resistance for PMSynRM. 
This analysis does not focus on torque ripples analysis rather on the impact of 




influence on the machine performance. The efficiency is also estimated by 
carefully modelling losses using magnetic steel and neodymium manufacturer data 
and stator winding details.   
AN-PMI_SynRM AN-PMI_01 AN-PMI_02 AN-PMI_03
AN-PMI_04 AN-PMI_05 AN-PMI_06 AN-PMI_07
AN-PMI_08 AN-PMI_09 AN-PMI_10 AN-PMI_11
 
Figure 5-11: Analysis-PMI - PM arrangement in a linear-barrier SynRM 
DQ voltage of each design is plotted with respect to the designs in Figure 
5-12 and flux linkage is plotted in Figure 5-13. The design names are shortened 
to PMxx in the figure where xx represent the numerical number of each design. 
The design names are shortened to self-descriptive names in the graph for 
simplification. The DQ voltage of each design in Figure 5-12 shows the importance 
of having high-grade PMs. In a SynRM, the D axis voltage is in the negative range, 
which increases the angel between voltage and current, resulting in low power 
factor (refer to Figure 2-9 in Chapter 2). The addition of PM in design AN-PMI_01, 




D axis voltage is still in the negative range, and the resultant flux linkage has also 
not moved to the fourth quadrant, and its power factor is slightly increased.  
 
Figure 5-12: Analysis-PMI - DQ voltages of the designs 
 
Figure 5-13: Analysis-PMI - Flux linkages of the designs 
The phasor diagrams of SynRM and PMSynRM designs AN-PM_01, AN-
PM_02 and AN-PM_04 are illustrated in Figure 5-14. A PM assisted design should 
have DQ voltages in the first quadrant while the resultant flux linkage in the fourth 
quadrant. In the case of PM_01 machine characteristics, although improved, but 
not enough to meet its characteristic current and required machine performance. 








































quadrature. On the other hand, AN-PM_02 has both D and Q voltages in the first 
quadrant, which makes it a complete PM assisted design. The other PM assisted 
designs (as indicated in Figure 5-12 and Figure 5-13) have positive DQ voltage 





































Figure 5-14: Analysis-PMI - Vector diagram of four designs 
The induced Q axis flux linkage of AN-PMI_01, is just above 0 Wb. However, 
the next design AN-PMI_02 has just under 0 Wb. Although, it has PMSynRM 
characteristics, its performances are not quite high as other PMSynRM with high 
PMs. The impact of PM flux on the resultant flux linkage can be seen in the phasor 
diagram in Figure 5-14. Except for the first design, all other designs have the 
characteristics of the PMSynRM, although the characteristic current of each design 
is different due to the difference in resultant flux linkage. The design with more 
PMs (AN-PMI_08) has higher D axis voltage and lower Q axis voltage, but both 
are positive voltages. On the other hand, the magnitude of the D axis flux linkage 
is reduced while the Q axis is increased in the fourth quadrature to have the same 
total flux linkage vector magnitude. The design AN-PMI_10 shows quite different 
DQ voltage changes and flux linkage changes. The change is due to the direction 
of the flux path for the particular PM arrangement. 
The addition of PMs along the intermediate axes drags the resultant flux 
into the fourth quadrant as expected. However, its arrangement is essential in 
achieving a high-performance machine. The steady-state voltage, current and flux 




characteristics similar to a SynRM, as shown in the figure. However, as can be 
seen, due to the added PM, its power factor is increased in each design. 
The power factors of all the designs are plotted in Figure 5-15. The power 
factors of designs AN-PMI_01 to AN-PMI_04 has increased with the addition of 
PMs. The Designs AN-PMI_01 to PMI_04 have shown 5.5 %, 7.5 %, 8 % and 9.1 
% more power factor compared with the base SynRM, respectively. Figure 5-16 
shows the torque of each design. The torque of a PMSynRM is directly proportional 
to its torque angle 𝛾 as in Eq. (5.4) for an ideal machine with no saturation. The 
increase in PM quantity has certainly increased the angle between the current 
vector and flux linkage vector. However, it cannot be assumed the same for the 
designs with PMs along intermediate axes.  
 




















Figure 5-16: Analysis-PMI -Torque of the designs 
The addition of PMs increases the efficiency of PMSynRM compared with 
equivalent SynRM. The core losses of all the models from the investigation are 
plotted in Figure 5-17. The DQ frame currents are slightly impacted due to the PM 
flux. The magnetic current 𝑖  drives the core loss as already discussed in section 
3.8. Besides, the added PM flux increase the core saturation depending on its 
location. The combination of increased 𝑖  and core saturation influences the core-
loss in each design. The results of each design are produced at its MTPA 
(concerning the current angle of maximum torque). Thus, the 𝑖  current is 
different in each design resulting in different core losses and the efficiencies. 
 
















































The core loss defines the difference in efficiencies of a PMSynRM and its 
equivalent SynRM. It can be seen in the efficiency plot in Figure 5-18, where the 
efficiencies have dropped for the first two designs and then increased for the next 
two designs. The design AN-PMI_04’s efficiency is increased by 1.9 % compared 
with its equivalent SynRM while the design AN-PMI_02’s efficiency is dropped by 
1.05 %. The efficiencies of other designs from AN-PMI_05 to 11 is not consistent 
and quite low compared with the design AN-PMI_04 as the PM flux saturates core 
segments.  
 
Figure 5-18: Analysis-PMI - Efficiency of the PMSynRM designs 
The design AN-PMI_10 with PMs along the intermediate axes have resulted 
in higher power factor and torque compared with similar PMSynRMs. A 
comprehensive optimisation study is performed in the subsequent section to 
understand the high-performance machine with PMs along intermediate axes. 
The study deals with various configurations of PMs in a SynRM with linear-
barriers and compares the machine performance and operational characteristics 
for each configuration. As shown earlier, an increased quantity of PMs in SynRM 
is not a recommended practice due to costly PMs. The high volume of PMs would 
make it a PM machine instead of PMSynRM. The optimisation of PM volume is 
necessary to yield the best performance. The optimisation of PMs in an optimised 

















are discussed later in section 5.9 and 5.10, respectively. Before to optimisation, 
the characteristics of PMSynRM are discussed and investigated. 
 
 
5.8 Characteristics of PMSynRM 
5.8.1 PM Flux Linkage 
PMSynRM is distinguished by its ability to saturate the ribs (and webs if 
there is one in the design) from SynRM. The SynRM is predominantly controlled 
using current controllers due to its linear relationship with torque in the MTPA 
(discussed in section 2.8 and 5.11). Thus, a PMSynRM should be controlled by the 
same current controller with slight changes in the algorithm, as discussed in 
section 5.11. If the machine uses the current controller, it is quite simple to 
saturate rotor ribs in a controlled manner if the saturation model is accounted for 
in the control algorithm. Thus, the impact of saturation due to supplied current 
and current angle needs to be understood. The rotor ribs can be saturated even 
before introducing current if enough high-grade PMs are used. The current angle 
is a critical control parameter in the operation of the machine.  
Q-Axis Inductance 
In a typical PMSynRM, PMs are placed in Q axis, and ribs are in the 
circumference. Due to the alignment of PM flux direction and increase in current, 
the flux is directed through the ribs. The ribs saturate faster at lower currents, 
though it results in reduced efficiency. Figure 5-19 shows the saturation in the ribs 
of a PM assisted design. In saturation state, further flux through the ribs is 
reduced, thus less flux for further increasing currents. Therefore, the machine 
saliency increases with increasing current. The subsequent investigation is carried 
out by keeping the current angle constant at MTPA and varying the supplied 





Figure 5-19: Analysis-PMI – Saturation in the ribs of a PM assisted design 
 
Figure 5-20 shows the comparison of the DQ flux linkages of PMSynRM and 
equivalent SynRM. D axis flux linkage of PMSynRM is similar to equivalent SynRM 
at low currents, while it becomes lower at higher current than that of SynRM. 
However, 𝐹  of PMSynRM increases above that of SynRM’s at currents above (7.5 
A). On the other hand, 𝐹  of PMSynRM is in the negative range. However, there is 
no saturation on the Q axis flux because the magnets have already saturated the 
ribs. The rate of change in Q axis flux linkage with respect to current is quite low 
compared with the D axis, similar to SynRM. The initial Q axis flux linkage with 
added PMs is -0.8 Wb and increases gradually with the supplied current. It can be 
seen, and due to the high PM flux in the Q axis, the ribs are saturated even before 
the current applied. The machine’s resultant flux linkage is in negative range and 










Figure 5-20: Analysis-PMI – DQ flux linkage of SynRM and PMSynRM with respect to 
supply current 
The flux linkage characteristics for varying current angles (during control) 
is vital to understand the machine’s behaviour. Figure 5-21 shows the flux linkage 
with a simultaneous change in currents and current angles for the same PMSynRM. 
The D and Q flux linkages are marked as 𝐹  and 𝐹  for easy identification with 
associated currents. The simulation for the current of 0 𝐴 shows the machine 
characteristics at standstill condition. At this stage, the D axis flux is zero, but the 
Q axis flux is in the negative region but not affected by the change in the current 
angle and remains constant. It validates the notion that the saturation in the ribs 
has already occurred even before the current is applied.  
The D axis flux linkage increases non-linearly with currents while the change 
in Q axis flux shows rather linear change as the Q axis does not saturate with the 
change in current. The high saturation region is indicated above 70° current angle 
in the figure. The D axis flux linkage decreases with the current while Q axis flux 
increases for increasing current angle. The increase in the current angle will reduce 
the flux with constant current and voltage. Thus, the resultant flux decreases 
gradually with increasing current angle regardless of the current magnitude. It is 
the technique used to control the machine at higher speeds, termed as field-

























Figure 5-21: Analysis-PMI - DQ Flux linage of PMSynRM as a function of the current and 
current angle 
The field-weakening philosophy will be discussed in the subsequent section. 
In order to yield the best out of this PMSynRM, the machine shall be operated 
between 30° to 65°  in MTPA. If the machine is operated at a higher current and 
current angle, the saturation and cross saturation will be significantly high, and 
the efficiency of the machine will be low.  
5.8.2 D and Q Inductances and Saliency 
The above investigation is further extended to study 𝐷 and 𝑄 inductances. 
A practical PMSynRM is simulated throughout the study. This section investigates 
the inductances for varying currents and current angles to find the optimal 
operating region of a PMSynRM and compared with equivalent SynRM. The results 










































 (a)  
(b)  
Figure 5-22: Analysis-PMI – (a) DQ inductances of SynRM as a function of current and 
current angle (b) DQ inductances of PMSynRM as a function of the current angle 
The 𝐿  of SynRM decreases with increasing currents as the ribs are not fully 
saturated, especially at low current angles. Thus, the ribs act as a passage for the 
Q axis flux to pass through. The 𝐿  in PMSynRM is nearly constant with current 
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angle and experiences little change with increasing current as the ribs are already 
saturated in PMSynRM. Thus, it does not experience any change with either 
current or current angle. 
The magnitude of D axis inductance 𝐿  of a SynRM is reduced with 
increasing currents and at low current angles. It then increases with the current 
angle to a particular current angle before it decreases again. The maximum 𝐿  of 
each current is obtained at various current angles. The maximum D axis 
inductances for currents of 1, 2 and 3 𝐴 are obtained at around  53°, 71°  and  74°, 
respectively in the case of SynRM. It suggests that the optimum machine 
performance of this machine lies within a narrow range current angle. Similarly, 
𝐿  gradually decreases for increasing currents and increases with current angles 
for PMSynRM. It keeps on increasing with the current angle before reading 
maximum at of around 90° of the operating regions regardless of the current 
levels.  
Figure 5-23 shows the saliency ratios of both SynRM and PMSynRM. The 
saturated saliency of SynRM increases with the current angle to its maximum and 
then it drops again. Whereas in the case of PMSynRM, the saliency ratio gradually 
increases with the current angle. Although PMSynRM has higher saliency ratio at 
lower currents and current angles, SynRM has higher saliency ratios for high 
currents and current angles. It is the critical performance factor of a SynRM and 
PMSynRM operation. Further investigation is continued to understand the 





 (a)  
(b)  
Figure 5-23: Analysis-PMI – (a) Saliency ratio of SynRM as a function of current and 
current angle and (b) Saliency ratio of PMSynRM as a function of the current and current 
angle 
 
5.8.3 The power factor of PMSynRM 
The power factor of PMSynRM is studied in this section using the same 















































performance of PM assisted design is not directly proportional to its saliency ratio 
as in the case of SynRM. The power factor of PMSynRM is given by Eq. (5.7). It is 
worth noting that MTPA of SynRM and PMSynRM are different. The current angle 
at maximum torque is 65° in the case of SynRM, and it is at 42° in the case of 
PMSynRM (for this particular PM configuration). The MTPA of PMSynRM will be 
discussed further in subsequent sections. The power factor of PMSynRM and 
equivalent SynRM are obtained from FEM simulations and compared, as shown in 
Figure 5-24. The power factor of SynRM is higher at lower currents compared with 
PMSynRM for MTPA. The power factor of PMSynRM is higher for currents above 
1.5 A and stays above 0.97   𝑝. 𝑢  for increasing currents. The high-grade and 
volume of PM increase the PM flux in the Q axis, which results in torque angle 𝛾 ≅
90° (𝜑 90° 𝛾), as shown in Figure 5-5.  
 
Figure 5-24: Analysis-PMI – Comparison of power factor of PMSynRM and SynRM (at 
current angle 65°) 
The following study compares the power factor of SynRM and PMSynRM 
with respect to current and current angles. The Power factor of SynRM is given in 
Figure 5-25(a) and PMSynRM results are plotted in Figure 5-25(b). The saturation 
effects in SynRM shifts the maximum power factor with high current angles 





















 (a)  
(b)  
Figure 5-25: Analysis-PMI – (a) Power factor of SynRM as a function of current and 


















































































However, in PMSynRM, the un-saturated power factor is obtained at lower 
current angles low as  15°, and saturated power factor is at around 60° depending 
on the PM flux and supplied current, as shown in Figure 5-25(b).  
This following section investigates four PMSynRM’s with incremental PM flux 
discussed in section 5.7 and shown in Figure 5-11 for the maximum power factor 
trajectory. As can be seen from the phasor diagram in Figure 5-5, the higher the 
PM flux, the higher the torque angle  𝛾. However, as (𝜑 90° 𝛾), hence the higher 
PM flux will reduce the current angle for maximum power factor. It is verified by 
simulation as follows. Figure 5-26 shows the investigation results. As can be seen 
in Figure 5-11, the quantity of PMs increases with the designs (AN-PMI_01 to 04). 
The results show that increasing PM flux moves the maximum power factor per 
ampere trajectory to lower current angle, as shown in Figure 5-26. Thus, it can 
be concluded that PMSynRMs with different PM quantities have different 
characteristics. 
 































5.8.4 PM and Reluctance Torque 
The PMSynRM has two torque components, reluctance and PM torques. 
Although the same SynRM is used to make PMSynRM, the reluctance torque of the 
PMSynRM is not the same as the SynRM as the saturation in the ribs are affected 
by added PMs (high saturation). Therefore, the final reluctance torque in the 
PMSynRM slightly increased compared with its equivalent SynRM. On the other 
hand, the addition of PMs brings PM torque component as given in Eq. (5.6). The 
added PMs saturates the ribs. Thus, the reluctance torque is increased (assumed 
tangential ribs are not modified for adding PMs). Therefore, the addition of PM can 
increase the reluctance torque of the SynRM as well as PM torque.  Hence, it is 
not easy to segregate the reluctance torque from a PMSynRM or PM torque, and 
considered as a single torque. The total PMSynRM torque is, in general, around 
30+ % higher than that of the SynRM’s torque. 
The simulation results for the SynRM (at 65° MTPA) and PMSynRM (at 42° 
MTPA) are given in Figure 5-27. The PMSynRM displays 36 % more torque than 
that of SynRM at rated current 4.1 A for this particular design. In PMSynRM, the 
same torque of SynRM can be achieved at a current 3 A, with 26 % reduction in 
the current. The lines in Figure 5-27 indicate the rated conditions of SynRM and 
equivalent of PMSynRM. It is a critical design decision about whether to reduce 
the current by adding PMs or saving cost by minimising PMs. 
The saturation of the ribs at lower currents is visible in SynRM, but in PM 
assisted design as discussed earlier, the saturation is already occurred due to high 
PM flux. Therefore, the torque has a linear relationship with the supplied current 
at a constant current angle. Thus, the control of this machine is much easier than 
an induction machine. Therefore, the efficiency of the PMSynRM is higher than 





Figure 5-27: Analysis-PMI – PMSynRM and SynRM machine torque as a function of 
supplied current (at current angle 65°) 
The following study is conducted to understand the torque characteristic of 
the same PMSynRM estimated with respect to current and current angle and 
plotted in Figure 5-28. MTPA trajectories of PMSynRM and equivalent SynRM are 
indicated in the figure.  
 
     
      
     
     
     
     
     
     
     
     
     
     
     
     
     
     





























































The maximum torque of the PMSynRM is not obtained at 45° due to the 
added PM flux, unlike SynRM. In this case, the MTPA trajectory follows the lower 
current angle compared to an equivalent SynRM, as shown in Figure 3-66. The 
MTPA of this particular PMSynRM is at rated current is 42° whereas SynRM’s is at 
65°. The change in PM flux is simulated for the four designs from section 5.7 to 
understand the torque MTPA trajectory with respect to the quantity of PM flux. 
The results are plotted in Figure 5-29. The simulation is performed at the rated 
conditions with current angle 42°.  
As can be seen, the increase in PM quantity (PM flux) lowers the MTPA 
current angle. Additional PMs, not only, lower the current angle but also increase 
the initial torque (no-load condition). At no-load condition, the SynRM does not 
develop any torque, but the PMSynRM with high PM flux (AN-PMI_03 and 04) 
produce significantly high torque of almost 6 and 8.3 Nm. It must be noted that 
the machine’s core is magnetised by D axis current at this stage. The rotor core 
has been under magnetic stress due to high current at a high current angle, i.e. 
due to high Q axis current. Hence, the PM torque is reduced gradually while the 
reluctance torque increases as shown in the figure. 
 
Figure 5-29: Analysis-PMI – PM and reluctance torque as a function of current angle for 






























The torque as a function of D and Q currents are shown in Figure 5-30. The 
torque is not only linear with supplied current and current angle but also with DQ 
currents.  
 
Figure 5-30: Analysis-PMI – PMSynRM’s torque with respect to DQ currents (at the 
current angle  65°) 
The investigation has revealed an important characteristic, i.e. the linear 
relationship of the torque with DQ current. This finding makes this machine a 
perfect candidate for current control. Its high torque density at no-load and 
linearity with torque can make this machine to be started with high loads. In 
addition, the characteristics allow this machine to be precisely controlled at the 
lower speed. 
 
5.9 PM Optimisation in SynRM 
This section deals with the overall performance of a PMSynRM by optimising 
the quantity and placement of the PMs in optimised SynRM’s as discussed in 
sections 4.7 and 5.7 but without radial webs. Two SynRM rotor designs are 
selected for this analysis, one with the linear-barrier (Figure 5-12) and the other 




the Q axis direction. Then the hyperbolic design is tested with PMs along both Q 
and intermediate axes to compare the performance. 
5.9.1 Optimisation Topology for PMSynRM 
The topology of PM optimisation is designed to analyse the width of PMs in 
the barriers. The width of PMs along the Q axis is increased from 0 mm to its 
maximum along the barrier’s linear section using an optimisation variable 𝛿  and 
𝛿 , as shown in Figure 5-31 (a). The topology is designed with the linear-barrier 
section being straight to PM’s maximum length in each barrier. By using this 
technique, a PM’s existence can be decided by the optimiser. At maximum width 
(𝛿 ), all PMs have occupied the linear sections of the barrier cavity, as shown 
in Figure 5-31(b). The barrier near the circumference is completely filled with PMs 

























Figure 5-31: Analysis PMII - PM optimisation topology 
The first optimisation in the following section uses the linear-barrier design 
with PMs only along the Q axis. The total number of optimisation variables selected 
for the first optimisation is only three (  𝛿  ,   𝛿  and   𝛿 ) whereas the second 
optimisation has six variables as in Figure 5-31. The maximum width of each 




essential to have straight edge PMs to preserve magnetic coordinates for 
optimisation as the length is changed during the optimisation process. 
5.9.2 Optimisation for Maximum Torque, Power Factor and 
Torque Ripples 
The optimisation targets three performance parameters torque, torque 
ripples and power factor with the same weight. As discussed in the above 
analytical and FEM analyses section 5.3, the added PMs increases torque and 
power factor of the machine. However, the torque ripples were not analysed in 
the earlier studies. It is one of the critical parameters as PM fluxes can result high 
in ripples. The increase in  ∆𝐿  due to the PM flux is directed towards the ribs along 
the circumference. This optimisation topology is designed to achieve optimum PM 
width for improved performance in all three performance parameters, i.e. torque, 
torque ripples and power factor. 
5.9.3 Optimisation I – PMSynRM with Linear-Barriers 
Multi-Objective optimisation is performed with objectives as in Table 5-1. 
The optimisation uses the same topology described in section 5.9.1 but without 
PMs in the intermediate axis. All three parameters are equally treated with the 
same optimisation weight. The target torque of the previous study was 10 Nm, 
but optimiser found higher than the target. Thus, it is assigned slightly more (10.5 
Nm) for this study so that optimiser will search in a broader range. The power 
factor of the previous study was above 0.95 𝑝. 𝑢, thus it can’t be used as an 
optimisation driving parameter. Therefore, torque ripples are selected as 
optimisation driving parameter and set 10 %. The optimised design is shown in 







Table 5-1: Multi-Objective Optimisation targets 
Parameters Target 
Torque > 10.5 Nm 
Power factor > 0.95 p.u 
Torque ripple < 12 % 
The design AN-PMI_04 has PMs to the complete straight section of each 
barrier along the Q axis, whereas the optimised design AN-PMII_OT01 has 
optimised PMs in various width along each barrier, as shown in Figure 5-32. The 
cross-section area of each PMs on both designs are listed in Table 5-2. As can be 










Figure 5-32: Analysis PMII – The design AN-PMI_04 and Optimised PMSynRM with 
linear-barrier 
By optimising the quantities of the PMs in this way, the flux lines along the 
ribs through to air-gap and stator teeth are smoothed to achieve lower torque 
ripples with higher performance. The optimised design requires nearly half of PMs 








Table 5-2: Comparison of PM quantities in optimised and non-optimised 
design 
PM ID 
Area of PMs [𝑚𝑚 ] 
AN-PMI_04 AN-PMII_OT01 
1 120.45 62.18 
2 91.33 38.42 
3 59.44 48.51 
4 25.8 16.73 
Total 297.02 165.84 
The performances of the base SynRM, AN-PMI_04 and AN-PMII_OT01 are 
summarised in Table 5-3 at its MTPA. Its torque density is 39 % more than that 
of SynRM while its power factor is 13 % more than that of SynRM. Although the 
optimised design achieves high torque and power factor, the torque ripple is the 
main difference between just adding PMs to an optimised SynRM and optimising 
PMs. The torque ripples of AN-PMI_04 are not acceptable as it is almost 50 % of 
the machine’s average torque whereas the optimised design has less than 10 %. 
Table 5-3: SynRM and PMSynRM parameters 
Parameter SynRM_01 AN-PMI_04 AN-PMII_OT01 
Torque [Nm] 8.3 11.56 11.59 
Power factor [p.u] 0.85 0.97 0.96 
Efficiency [%] 85.91 89.59 89.91 
Torque ripple [Nm] 1.45 5.42 1.19 
 
5.9.4 Efficiency 
In PMSynRM, the supplied voltage is reduced at rated current to develop 
the same torque due to the added PMs. Therefore, the input power drawn by a 
PMSynRM is lower than that of SynRM to develop the same torque. The core loss 
is slightly increased in PMSynRM, but the other losses are not significantly affected 




of SynRM. In the above case, in both PMSynRM the efficiency is increased by 
almost 4.6 % compared with equivalent SynRM as listed in Table 5-3. 
5.9.5 Optimisation II – PMSynRM with Hyperbolic Barriers 
The above study has confirmed that PMs can enhance the performance of 
a SynRM. However, the torque ripples of the optimised machine are rather higher 
than an optimised SynRM. Although the torque ripples of the optimised design, 
which is around 10.5 % of the torque, can still be acceptable for many applications, 
however, it can be further minimised. The flux follows the hyperbolic pattern in 
the rotor space 0. However, the linear-barriers are used as part of the study in 
the previous case because of the straight barrier section where PMs can be easily 
accommodated. It is one of the primary reasons for slightly higher torque ripples. 
The following study is conducted to investigate a PMSynRM with hyperbolic 
barriers with PMs also along the intermediate axis. 
The optimised SynRM from section 4.7 is modelled to suit PMs along the Q 
axis with slightly thicker ribs (0.75 mm), as shown in Figure 5-33. It is then 
investigated with PMs (similar to the AN-PMI_04) along the linear section of barrier 
(in design AN-PMII_OT02). As discussed earlier, the design with PMs in the 
intermediate axis have shown significantly improved performance. It is revisited 
here to investigate it further. It is optimised with PMs in both negative Q and 
intermediate axes using the above optimisation topology. The novel topology is 
designed to eliminate PMs if not required in a particular barrier during automated 
optimisation. The optimiser can find the best PM flux characteristic for defined 
requirements. The optimised PMSynRM with intermediate axis PMs (AN-
PMII_OT03) is also shown in Figure 5-33. PM quantities of both designs are given 














Figure 5-33: Analysis PMII – The SynRM_02, and optimised designs AN-PMII_OT02 and 
AN-PMII_OT03 
The PMs quantities (area) given in Table 5-4 for PMs 3 to 6 are total area 
and its equivalent counterpart in the same pole pair. Although the design AN-
PMII_OT02 looks quite similar to AN-PMII_OT01, the volume of PM is not the 
same. These two designs cannot be compared as the former has a 4.7 % more 
torque density for 57 % reduction in PM volume. It is to be noted that AN-
PMII_OT01 has high insulation ratio compared with AN-PMII_OT02, i.e. its barrier 
thickness is larger and hence high PM volume. Hence, it has high PM flux resulting 
in high power factor.  
Table 5-4: Comparison of PM quantities in two PMSynRM 
PMs 
Area of PMs [𝒎𝒎𝟐] 
AN-PMII_OT02 AN-PMII_OT03 
1 51.57 32.8 
2 27.42 23.81 
3 35.71 23 
4 12.32 53.82 
5 N/A 11 
6 N/A 36.4 
Total 127.02 180.83 
 
The machine parameters are given in Table 5-5. AN-PMII_OT02 has gained 
38.2 % more torque compared with equivalent SynRM and power factor of 0.96 
𝑝. 𝑢. Its torque ripples are slightly higher compared with the SynRM. The torque 




ratio of AN-PMII_OT02 is 0.082 compared with AN-PMI_04 has only 0.033. The 
results show that while torque density and power factor of AN-PMII_OT02 are 
quite comparable to AN-PMII_OT01, but its torque ripples are reduced. It shows 
the effectiveness of the hyperbolic barrier compared with a linear-barrier design. 
Table 5-5: Performance comparison of the three designs 
Parameter SynRM AN-PMII_OT02 AN-PMII_OT03 
Torque [Nm] 8.33 11.51 11.07 
Power factor [p.u] 0.82 0.96 0.93 
Efficiency [%] 86.16 89.91 89.81 
Torque ripple [Nm] 0.89 0.97 0.92 
The optimisation of PMs in the intermediate axis are investigated further.  
PMs along the intermediate axis can have a high impact on the machine 
performance based on the studies in section 5.7 and references [107, 125]. 
Therefore, the next optimisation is conducted utilising the same topology as 
mentioned earlier in section 5.9.1. The optimiser finds the best solution, as shown 
in Figure 5-33 (AN-PMII_OT03). It eliminates PM from the first barrier for the 
given objectives. The optimised design has slightly lower torque density and power 
factor compared with AN-PMII_OT02, but the torque ripples are reduced. The PM 
quantity of this design is quite high compared with AN-PMII_OT02. 
 
5.10 Optimisation of PMSynRM 
The quantity of PMs is optimised on an already optimised SynRM in previous 
sections. It is the recommended process in designing PMSynRM. This section 
discusses a novel method to optimise PMSynRM as one single object. Although a 
hyperbolic barrier design is used in this optimisation, any design is possible in this 
process.  
5.10.1 Optimisation of PMSynRM 
The SynRM topology used in section 4.3.1 and PM optimisation topology 




four hyperbolic barriers but without radial webs. By combining the two topologies, 
a design is developed to have a high degree of freedom in changing rotor and PM 
dimensions (optimisation parameters) during optimisation. PMs are only placed 
along the Q axis for this investigation. As a result, nine optimisation variables are 
selected for multi-objective optimisation. In this topology, when SynRM design 
parameters are altered during automated optimisation, the PMs dimensions are 
also altered in such a way that can fit into the new barriers of the new SynRM. It 
is achieved by designing a PM larger than that of the barrier and subtracting it 
from the rotor so the when the rotor dimensions are changed, the PM can change 
the shape. 
The subtraction is stored in the design memory. Hence, when the SynRM 
design parameters are altered, the subtraction automatically adjusts the PM 
dimensions to suit to the new parameters. As the initial PM is larger than that of 
the barrier, it can still fit in. Thus, the initial PM design is the critical element in 
this topology. Two possible designs are shown in Figure 5-34, the PMs are almost 
not-existing, and in the second one in the first one, PMs are configured by the 
optimiser. As can be seen, when the design parameters of the SynRM are altered, 













The domains of the optimisation variables ( ,    ( {1,2,3,4})
n
j
n br and R n  are 
selected to accommodate the PMs along the straight section of the barriers. The 
PMs do not intersect the barrier during the optimisation process. The width of each 
PM is selected in such a way PM non-existence can be depicted if the optimiser is 
looking for such a scenario as well as it can be stretched all the way to the end of 
the straight section of the barrier. 
Performance Parameters  
The multi-objective optimisation is performed with the same objectives 
given in Table 5-1. The best four optimised designs are given in Figure 5-35 from 
left to right. There is not much difference between the four designs. All four 
designs have similar insulation ratio, barriers are equally distributed along with 
the rotor space, and the volume of the PMs are quite similar. The area of the PMs 
is plotted against the model in Figure 5-36. It can be seen that the quantity of 
each PMs in each design is quite similar. The design names are shortened and 
given as OPT01 to OPT04 in the figures. 
AN-PMIV_OT01 AN-PMIV_OT02 AN-PMIV_OT03 AN-PMIV_OT04 AN-PMIV_OT05
 
Figure 5-35: AN-PMIV – Optimised PMSynRM designs (the finest four designs are given 





Figure 5-36: PM quantity of the four designs  
The torques and power factors of the four PMSynRM and equivalent SynRM 
are plotted in Figure 5-37. The difference in torque is quite small between the 
various designs that confirm the validity of the optimisation. Although AN-
PMIV_OT01 has less PMs than AN-PMIV_OT02 and AN-PMIV_OT03, its torque 
density is higher than the rest of the designs.  The differences in torque between 
PMSynRM and equivalent SynRM of the four designs are 37.2 %, 33.2 %, 33.5 % 
and 34.81 %. All three optimisation objectives determine the best design, and AN-
PMIV_OT02 has 2 % higher torque density compared with the best design.  
 

























































On the other hand, the power factors of the four PMSynRMs are 18.7 %, 
16.3 %, 15.6 % and 17.51 % higher than that of equivalent SynRM. The torque 
ripples of the four PMSynRM and SynRM are plotted in Figure 5-38. The efficiency 
of the PMSynRM is more or less the same between the different designs and about 
3 % higher than equivalent SynRM. 
  
Figure 5-38: Torque ripple and Efficiency of the four designs 
The above study has shown that the optimisation of PMSynRM as a whole 
object yields the best machine with low torque ripples. On the other hand, the 
optimisation for PM has also resulted in a machine with relatively high torque and 
power factor compared with equivalent SynRM’s characteristics. However, it is 
always good to optimise PMSynRM as a whole so that it can yield the best machine.  
5.10.2 Optimised Torque 
The torque of the optimised design is calculated with respect to current, 
current angle and D and Q currents. Figure 5-39 shows the torque with respect to 
D and Q current map in a 2D space in, and its 3D version is plotted in Figure 5-40. 
PMSynRM requires a higher load current to produce positive torque as can be seen 
in Figure 5-41 due to the PM flux in the negative Q direction. The machine has 
significant torque (developed) at its rated condition. The high torque density of 





































condition. The rated and overload high torque density regions are marked in Figure 
5-39. It shows the machine has significantly high torque for lower 𝑖  and higher  𝑖 , 
especially the SynRM. The rated and high torque region are marked in blue colour 
and overload condition region is marked by red colour in the figure. The blue lines 
in the figure show the overload and high torque regions. 
In a SynRM, the optimum torque and highly efficient operating region are 
around at lower Id (between 1 and 3 A), as shown in Figure 5-41. However, in the 
case of PMSynRM, the region is quite larger as can be seen in Figure 5-40. The 
simulation results reveal that both machines can be operated at lower D current 
for high torque and vice versa is also true to a certain extent.  
 





Figure 5-40: Torque of PMSynRM with respect to DQ currents in 3D space 
 
Figure 5-41: Torque of SynRM with respect to DQ currents in 3D space 
The added PMs has not only saturated the ribs but also helps to improve 
the reluctance torque by saturated ribs. Therefore, the saliency ratio of the 
PMSynRM is increased, resulting in high torque density. Thus, it is essential to 
ensure that added PM flux does not have a negative impact on the D axis flux 
path. The increased PM flux may have weaken the reluctance torque due to cross-




and reduces reluctance torque. It is further analysed in section 5.11. The addition 
of PMs also introduces cogging torque. 
5.10.3 Optimised Power Factor 
The power factor of optimised PMSynRM is evaluated using FEM and plotted 
in Figure 5-42, and equivalent SynRM machine’s power factor is plotted in Figure 
5-43 in 3D space with respect to DQ currents. The power factor of PMSynRM is 
quite high in comparison with equivalent SynRM as expected shown in Figure 5-42 
and Figure 5-43. The SynRM has quite low power factor even at no-load 
conditions, whereas PMSynRM has a high-power factor for the same conditions. 
At the same time, PM assisted design show high power factor for certain 
conditions, especially for MTPA. As discussed in section 5.3, it is apparent the PM 
flux narrows the angle between voltage and current vectors. The power factor 
improvement depends on the magnitude of the PM flux as discussed in section 
5.5.  
The high-power factor (above 0.95 𝑝. 𝑢) is obtained even at low  𝑖 . The 
PMSynRM has wider high-power factor range in comparison to SynRM. The 
PMSynRM with wider region of an optimum power factor can be controlled for high 





Figure 5-42: Power factor of PMSynRM (neodymium) with respect to DQ currents in 3D 
space 
 







5.10.4 Cross Saturation Effects on PMSynRM Performance 
The PMs increase the saturation effects in the PMSynRM core, especially the 
cross-saturation due to the PM flux directed into the steel segments towards the 
intermediate axis in a PM assisted machine. In the case of SynRM, the saturation 
drifts the MTPA angle (𝜃) higher than the theoretical value of  45°. The supplied 
current enhances the saturation effect and compensate  𝐹 . It is the same in the 
case of PMSynRM. However, in the case of PMSynRM, the resultant flux is not just 
current introduced flux but combined with PM flux. Therefore, the drifts in MTPA 
is not significant as SynRM, which is analysed in section 5.8.4. 
This study investigates the cross-saturation in PMSynRM, the saturation 
caused by inter-axes. D and Q Flux linkages at various current angles are plotted 
for cross saturation in Figure 5-44 and Figure 5-45. The D axis flux has high cross 
saturation due to an increase in Q axis current. The broken blue line in both figures 
shows each 10°  steps in the incremental direction. As can be seen in Figure 5-44, 
the D axis flux saturates quite high for low current angles compared with high 
current angles for increasing   𝑖 . On the other hand, the added PM flux has 
saturated the ribs even before the current is introduced to the machine which 
increases the reluctance in the Q axis. Thus, Q axis flux linkages do not 
significantly saturate as can be seen in Figure 5-45. 
The MTPA of the optimised design is around  42°, which shows the design 
will experience high cross saturation if the Q axis current is increased. D & Q axis 
flux linkages are evaluated at rated condition (42° ) for the same design and 
plotted in Figure 5-46 and Figure 5-47. The results show the saturation impact on 
pf due to D axis flux linkage, while the Q axis flux linkage is not significantly 





Figure 5-44: D axis Flux linkage of PMSynRM with respect to its cross current (𝑖 ) 
 
Figure 5-45: Q axis Flux linkage of PMSynRM with respect to its cross current (id) 
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Figure 5-46: D axis flux linkage of PMSynRM with respect to DQ currents in the 3D space 
 
Figure 5-47: Q axis flux linkage of PMSynRM with respect to DQ currents in the 3D space 
 
5.10.5 Efficiency 
The losses and efficiency of SynRM are investigated in details in section 
2.5.3 and 5.10.5. The difference in losses between a SynRM and PMSynRM is due 




section analyses the input power, core loss, total loss, output power in order to 
determine the efficiency of the optimised design. The motor input and shaft output 
powers are evaluated at steady-state and plotted in Figure 5-48, as discussed in 
section 3.4. The analysis performed over the same current limit that is used in the 
previous analysis. The simulation is performed at MTPA for high torque density. 
As can be seen, the high output power is obtained at low 𝑖  and high  𝑖 .  
 
 







Core Loss Analysis in PMSynRM 
The core-loss in SynRM is studied in detail in section 3.8. As already 
discussed, the operational difference between SynRM and PMSynRM is the added 
PM flux. It has slightly altered the machine MTPA and DQ currents. As discussed, 
the core-loss is depended on DQ current. The core-loss as a function of DQ 
currents are investigated, and the simulation results are shown in Figure 5-49. It 
is high for high magnetising current 𝑖  as can be seen in Figure 5-49. Q axis 
current 𝑖  does not affect it.  
 
Figure 5-49: Core-Loss of PMSynRM with respect to DQ currents in the 3D space 
 
The other losses such as winding loss and stranded loss are similar to 
equivalent SynRM counterparts. Therefore, the total loss is investigated for 
PMSynRM and shown in Figure 5-50 with respect to DQ currents. The core-loss is 
quite insignificant compared with total losses. It is visible in the figure that the 





Figure 5-50: Total loss of PMSynRM with respect to DQ currents in 3D space 
 
The initial SynRM is designed for 7 Nm, 1.1 kW at rated conditions. 
However, the optimisation of the SynRM and addition of PMs increased machine 
performance. The efficiency of base SynRM is 81.4 %, while the final optimised 
design has an efficiency of 89.2 %. The high-efficiency region can be seen in Figure 
5-51, which is for low to medium DQ currents. The high currents increase 
saturation, thus resulting in wastage of energy. However, in the case of optimised 
design, the ribs are already saturated, and the core segments are properly 
designed. Thus, the saturation effects are minimised for high current in this design 





Figure 5-51: Efficiency of PMSynRM with respect to DQ currents in 3D space 
 
 
5.11 Control and Operation of PMSynRM  
The SynRM is controlled in two operating conditions, maximum torque per 
ampere and field-weakening similar to induction machine control. The control of 
SynRM is discussed in detail in section 2.8. This section analyses the field-
weakening characteristics of SynRM and PMSynRM using existing strategy in FEM 
tool. Both SynRM and PMSynRM, similar to the induction machine, are controlled 
using MTPA strategy in the constant torque region. It is the best option for a 
constant torque region due to its linearity. However, when speed goes beyond 
nominal speed, the inverter cannot increase the voltage above the maximum 
available value. In order to run the motor above the rated speed, the field-
weakening strategy shall be employed in the same way as DC or an induction 
machine. The strategy weakens the flux linkage in the air-gap while keeping the 
maximum voltage by reducing the supplied current, as shown earlier in Figure 
2-18 and Figure 2-19.  
In this type of machine, the D axis flux is the magnetising flux, and 




in PM machines, called flux weakening. The flux is controlled by referencing it to 
the inverse of machine speed as given in Eq. (2.65) [6, 12, 229-232]. While the 
speed is increased, the torque producing capability of the machine is reduced. In 
order to get the optimum performance at high speed, the current angle is 
controlled in such a way that can yield the maximum torque for each speed points 
in the field-weakening region. This is studied in the following section using FEM 
tool. 
5.11.1 Torque-Speed Characteristics of SynRM and PMSynRM 
In this section, the PMSynRM with various PM quantities and equivalent 
SynRM and are studied for its constant torque and field-weakening capabilities 
with MTPA and constant voltage constant current control strategy. The control of 
the current angle in the high-speed region is essential to yielding the maximum 
torque. The increased current angle will alone not yield the maximum torque as 
there is an optimum point for maximum torque. Therefore, the maximum torque 
current angle is obtained in the field-weakening region to optimise the 
performance of the machine in this region.  
It is achieved by implementing the constant voltage constant current 
control strategy in Ansys’s macro for SynRM and PMSynRM. The sinusoidal current 
supply is used for the entire simulation. Ansys’s existing design script that was 
developed for the PM machine has been modified to include SynRM and PMSynRM 
topologies. The script is developed to search for optimal operating points using 
sophisticated optimiser tool automatically. Figure 5-52 shows the SynRM and 
other five PMSynRM design that are studied for field-weakening control. The 
PMSynRM is the optimised one as per section 5.10 but with changing the number 
of PMs in the barriers. The rated machine configuration such as voltage and 
current used for the transient simulation are already given in Table 3-1 with speed 




AN-SynRM AN-PMV01 AN-PMV02 AN-PMV03 AN-PMV04 AN-PMV05  
Figure 5-52: Analysis PMV – designs are chosen for constant torque constant power 
region analysis 
The torque-speed curves of the simulation are given in Figure 5-53 for the 
six designs. As can be seen, all six designs are consistent in terms of the constant 
torque (MTPA) and field-weakening capability regions. AN-PMV04, with the highest 
volume of PM, shows high torque characteristics in the MTPA region as discussed 
earlier in the section 5.11 with 34.5 % more torque than equivalent SynRM. AN-
PMV01 has 10 % more torque density than that of the SynRM in the MTPA region 
and has slightly higher torque density through an increase in speed. The SynRM 
drops torque density for speed between base speed and 1:2 speed region before 
it almost settles at 16 % of its rated torque around the 1:4 speed region. It 
depends only on reluctance torque which is reduced by decreased air-gap flux.  
 



























AN-PMV01 also shows similar change with speed as SynRM but with little 
higher torque than SynRM. Its torque characteristics are quite similar to the 
SynRM due to lack of PM flux in the air-gap, as discussed in section 5.7. On the 
other hand, AN-PMV02 and AN-PMV05 have nearly the same amount of PM but in 
different barriers, as shown in Figure 5-52. They have similar torque 
characteristics in the MTPA region. The two designs show quite different torque 
characteristics with increasing speed, especially above 3000 rpm. AN-PMV05 
shows significantly high torque for increasing speed compared with AN-PMV02. 
Although both designs have almost the same volume of PMs, AN-PMV05 has one 
PM piece away from the air-gap while AN-PMV02 has both closer to the air-gap. 
As already discussed in section 3.6.8, the area closer to circumference has high 
flux density and susceptible to saturation. In the case of AN-PMV02, both PMs are 
almost within the same area, which makes different demagnetisation level for the 
two designs. 
Although AN-PMV03 has quite a high volume of PMs and 13 % more torque 
density compared with AN-PMV02 in the MTPA region, very similar torque 
characteristics between 2000 rpm and 6700 rpm before its torque reduces further 
compared with AN-PMV02. It shows the importance of having PMs at an optimum 
location for high-speed applications. The design AN-PMV04 with highest PM 
volume results in torque drop with increasing speed above base speed. It follows 
the torque curve of AN-PMV03 up to the speed region 1:2 before it drops lower 
than AN-PMV02 at 1:3. The increase in speed and current angle in the field-
weakening region plays a significant part in the demagnetisation.  
In conclusion, the study finds that PMSynRM can be designed to have a 
significantly high speed of up to 1:7 by adequately optimising the design with 
magnets in the right location. The PMSynRM should be designed with less barriers 
and bigger PMs for a high-speed application with quality field-weakening 





5.11.2 Field-Weakening Characteristics of PMSynRM 
In this section, the machine performance of a selected PMSynRM (AN-
PMV05) is analysed in both MTPA and field-weakening regions. Firstly, the DQ flux 
weakening is plotted in Figure 5-54. As already mentioned, 𝐹   is the magnetising 
flux in both SynRM and PMSynRM. As can be seen in Figure 5-54 (a), the D axis 
flux is directly proportional to the machine torque. It is rather compromised in 
order to increase the speed. On the other hand, the Q axis flux is increased with 
maximum torque and speed. 
(a)  
(b)  
Figure 5-54: DQ Flux of AN-PMV05 in the field-weakening region 
The DQ currents throughout the field-weakening region are plotted in Figure 
5-55 with a similar pattern as fluxes. As already shown in Eq. (2.1) and (2.62), 
the magnetic axis flux is proportional to its current, i.e. the magnetic current 
controls the flux. As discussed earlier in section 2.5.1, 𝑖   and 𝑖   are magnetising 




even during the field-weakening process, the  𝑖   should be at its maximum, as 
shown in Figure 5-55 (b). The only way to maintain maximum  𝑖   is by increasing 
the current angle as already discussed in section 2.8 and demonstrated in Figure 
2-18.  
The higher  𝑖   can be seen along the maximum torque locus in Figure 
5-55(b). The D axis current is not drawn above 2.10 A while Q axis current is 
drawn to its maximum, which shows the effectiveness of the control topology. The 
torque-speed as a function of current angles are plotted in Figure 5-56. The 
current angle of maximum torque at MTPA region is between 55° and  60°. It is 
around 80° to  85°  for speed regions between 1:2 and 1:4 and above 85  from 
speed regions beyond 1:5. 
(a)   
(b)  





Figure 5-56: Current angle of AN-PMV05 in the field-weakening region 
Figure 5-57 shows the power factor of the design with respect to torque 
and speed. The power factor of PMSynRM is also discussed in section 5.8.3 and its 
characteristic is plotted in Figure 5-25. Based on the power factor study, the 
maximum power factor of PMSynRM (AN-PMV04) lies around  65°  to 75°  
depending on the PM volume and arrangement. The maximum power factor is not 
significantly affected by the current angle, unlike the maximum torque, which 
changes with the current angle. It has already accounted the leakage inductance 
(power factor is calculated using   𝐿  and  𝐿 , whereas the torque is calculated 
using   𝐿   and 𝐿 ) which is discussed in section 2.5.2.  
 
Figure 5-57: Power factor of AN-PMV05 in the field-weakening region 
The input and output power in the field-weakening region is plotted in Figure 
5-58, and its losses are plotted in Figure 5-59. The input power increases with 




is only 1.65 kW at the same speed, as shown in Figure 5-58(b). As already 
discussed in sections 3.8 and 0 the core loss depends on the core volume and 
supplied current.  
 (a)  
(b)  
Figure 5-58: Input and output power of AN-PMV05 in the field-weakening region 
In this case, the core of the machine is not changed. However, the current 
has been at its maximum, especially  𝑖  at high speed which causes high core loss, 
as shown in Figure 5-59(a). At the same time, the mechanical loss is also 
significant at high-speed, as shown in Figure 5-59(b). On the other hand, the 
winding loss (shown in Figure 5-59(c)) is the property of stator winding only as 
there are no coils present on the rotor coil which follows the supplied current. The 
total loss of the machine is plotted in Figure 5-59(d). It shows the high loss is at 
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The supplied current and voltage of the design is plotted in Figure 5-60. A 
high stator current is used at high torque region in MTPA, and flux-weakening 
where 𝑖  and 𝑖  are high. On the other hand, the voltage is constant in the flux 
weakening regions, as shown in Figure 5-60(b) where some numerical noises are 
also present due to the non-linearity. 
 
 
Figure 5-60: Supplied Current and Voltage of AN-PMV05 in the field-weakening region 
Based on the above findings, the efficiency can be estimated in the field-
weakening region as in Figure 5-61. The high efficiency of above 85 % is recorded 
partially in MTPA region and partially in 1:2 region. The study finds that the 
efficiency of machine is considerably low at low speed and high speed, especially 





Figure 5-61: Efficiency of AN-PMV05 in the field-weakening region 
The performance parameters are summarised and plotted in 𝑝. 𝑢 space in 
Figure 5-62. It shows the areas where the machine can yield the best performance 
in various aspects. The machine uses the supplied power efficiently in both MTPA 
as well as in field-weakening regions. On the other hand, the machines optimum 
power factor lies around 1:2 regions. Thus, the machine shall be operated in this 
region for better efficiency and low reactive power. 
 
Figure 5-62: Summary of performance parameters as 𝑝. 𝑢 values in the field weakening 






A comprehensive investigation of PMSynRM is presented in this chapter. 
Properties of magnets for electrical machines are discussed in detail, especially 
the suitability of rare-earth neodymium magnets for the electrical machine is 
investigated with its temperature and demagnetisation characteristics. A detailed 
analytical model of PMSynRM is developed using SynRM’s phasor diagram, and 
properties such as magnetic flux, voltage, torque angle and load angle are 
explicitly studied. The machine performance parameters torque, power factor and 
torque ripples are analytically modelled. MTPA and flux-weakening characteristics 
of the machine analytically investigated. 
The characteristic current and flux of the PMSynRM are defined to determine 
the optimum quantity of the PM. The simulation techniques of for PMSynRM is 
demonstrated graphically for fractional design simulation. PMSynRM with various 
PM quantities are simulated, and their characteristics are demonstrated via phasor 
diagrams. The saturation and cross-saturation in PMSynRM are discussed with 
simulation results, and its effects of performance parameters are studied. Cross-
saturation on flux linkages with changing current and current angle is 
demonstrated by numerous FEM simulations. The saliency of PMSynRM with 
respect to current and current angle is investigated, and the impact of saturations 
on saliency is also investigated. An optimum operational point for maximum 
saliency is found and demonstrated.  
The hybrid capability of PMSynRM with reluctance and PM torques are 
comprehensively studied. The difference between the two torques is analytically 
discussed and backed by FEM simulation results. The torque of PMSynRM with 
various PM quantities broadly analysed for two types of barriers. In the meantime, 
the power factor is analytically modelled, and its impact due to added PMs are 
systematically investigated and graphically established. The techniques to 
improve power factor is systematically investigated the findings are backed up by 




A novel topology is developed to optimise the PMSynRM with PMs in more 
than one barrier. A hyperbolic barrier design is prepared for the optimisation of 
PMs, and its results are investigated. A novel topology is developed to optimise 
PMSynRM as a whole object that can yield the best of the PMSynRM and find low 
torque ripples. The optimised designs from both topologies demonstrated high 
torque, power factor and low torque ripples. Torque and power factor of almost 
39 % and 13 % is achieved by optimised design, respectively. Moreover, the 
torque ripples can be minimised below 8 % by optimising the machine as a whole. 
The efficiency of the machine also can be improved by almost 8 %.  
The machine operational characteristics are studied for both MTPA and flux-
weakening regions. The torque-speed curves as a function of various machine 
parameters discussed using highly advanced machine design toolkit. The analyses 
found that PMSynRM can be controlled better at a lower speed due to its initial 
torque density as well as have higher torque in the flux weakening region. The 









The simulated results are experimentally verified in this section via 
numerous prototypes. Altogether, ten prototypes have been fabricated as part of 
this study. Six of them are SynRM rotors, two of them are PMSynRM, one out of 
the two is optimised SynRM from section 4.7 and section 5.9, and the other one 
is PMSynRM rotor with linear-barrier. The other two prototypes are used for 
experimental verification of torque ripples studied in section 4.8. Figure 6-1 shows 
all ten prototypes. A flexible rotor assembly is prepared to reuse the same shaft 
assembly for PMSynRM so that different PM configuration is possible. 
 
Figure 6-1: Prototypes that are prepared for this thesis experiments 
 
6.1.1 Experimental Rotors and Rotor Assembly 
As already discussed, air-gap length should be minimised as low as possible 




mm air-gap length, which has been utilised in the simulations. In order to achieve 
0.25 mm air-gap length, a highly precise and low-tolerance technology is needed. 
Thus, the prototypes are manufactured using medium speed wire cutting method 
with 0.01 mm tolerance. Electrical steel M400-50A is used with 0.50 mm 
lamination thickness for all prototypes. The wire cutting process of a SynRM is 
shown in Figure 6-2. 
 
Figure 6-2: Wire cutting process of a SynRM prototype 
An existing stator is used for the experiments, while the entire rotor 
assembly is prepared to align the stator. The rotors are mounted using an 
insulation ring on both sides with end-press ring assembled by heat press at the 
right end. The end insulation rings, end-press rings and shaft are separately 
prepared for each SynRM rotor assembly as they are heat pressed for high 
mechanical integrity and safety except for the PMSynRM rotors. The PMSynRMs 
require multiple configurations of PMs, hence it requires a flexible assembly so 
that it can be reused. The PMSynRM rotor shafts are prepared with end threads 




Figure 6-3. The insulation end rings, end-press rings, lock nuts, bearing and its 
clip are also shown in the Figure 6-3. 
 
Figure 6-3: Flexible rotor assembly for multiple rotor and PM configurations 
The figure shows an optimised SynRM mounted on the shaft. This type of 
assembly allows to change the configuration of PMs and rotor. The lock nuts 
deliver high integrity and safety to the rotor assembly at high-speed application 
while the non-drive end is heat pressed. The safety has been given high priority 
during the experiments. The prototypes are fabricated with an air-gap length of 
0.25 mm to suit the already available stator shown in Figure 3-2. The six 
prototypes prepared for experimental study of SynRM characteristics for various 
barrier shapes, location and dimensions are shown in Figure 6-4. The designs are 
optimised for two types of barriers, hyperbolic arc (marked as “R”) and hyperbolic 
non-arc (marked as “N”). Although, the designs are optimised for torque, power 
factor and torque ripples, torque and power factor are given high significant. It 
uses a primitive design method specially developed as part of this thesis. It 
employs unsaturation-ring between the shaft and first barrier that allows optimiser 




R-SynRM and WSU-4B-CO-N-SynRM) are equipped with circumferential cut-off 
(grooved). 
 
(I) WSU-3B-R-SynRM (II) WSU-3B-N-SynRM 
 
(III) WSU-4B-R-SynRM (IV) WSU-4B-N-SynRM 
 
(V)    WSU-4B-CO-R-SynRM (VI) WSU-4B-CO-N-SynRM  
Figure 6-4: SynRM prototypes with three and four barriers and circumferential cut-off 
The linear-barrier PMSynRM that is used for investigation of characteristics 
of PMSynRM is shown in Figure 6-5 (WSU-4B-OP-L-PMSynRM). The two designs, 
as shown in the figure are fabricated to hold PMs in the slots. Thus, additional 
mechanical arrangements are avoided for PMs. The PM slots (as can be seen in 




the experimental studies and FEM simulation results. The cut-off is optimised, with 
keeping all other rotor dimensions same as other four designs. The final optimised 
SynRM that is studied in section 4.7, which is also used for section 5.9 for 
PMSynRM, which is shown in Figure 6-5 (WSU-4B-OP-N-PMSynRM). The end rings 
shown in Figure 6-3, are designed in such a way that it can hold the PMs from 
leaving the rotor during high-speed application. 
 
(VII)   WSU-4B-OP-N-PMSynRM       (VIII)  WSU-4B-OP-L-PMSynRM  
Figure 6-5: Optimised SynRM and PMSynRM prototypes 
 
Two rotors from the torque ripple optimisation in section 4.8, are also 
prototyped and shown in Figure 6-6. The rotors are also made of electrical steel 
M400-50A with lamination thickness of 0.50 mm and stacking factor of 0.95. All 






  (IX)   WSU-4B-TR-N-SynRM (X)    WSU-4B-TR-G-SynRM 
Figure 6-6: Torque ripple Optimised prototypes 
 
 
6.2 Locked rotor test 
The locked rotor test is conducted for experimental verification of the 
saliency ratio. DC resistance of the stator coil is measured, and calculated 
resistances are compared with direct measurement from the terminals prior to the 
lock rotor test. The DC resistance and stator end coil details such as leakage 
inductance, end coil dimensions are vital parameters as the same stator is 
modelled in FEM tool for highly accurate results. For a balanced system, the 𝑅 , 
𝑅  and 𝑅  are equal and hereafter called 𝑅 . Likewise, 𝐿 , 𝐿  and 𝐿  are equal and 
called 𝐿. As it is relatively challenging to measure the leakage inductance, it is 
calculated by feeding the other measured values into FEM (into RMXprt tool). The 
DC resistance and leakage inductance are important parameters in modelling an 
accurate simulation as given in Eq. (2.10)  
The topology used for the experiment is given in Figure 6-7. In order to 
experimentally measure the inductances, an AC supply is used. The rotor is locked 
in D axis as shown and the supplied voltage is changed from 0 to 150 VAC/50Hz. 
The 𝑖  is measured and the DC resistance can be calculated using Eq. (6.1). The 
impedance  𝑍  can be calculated using Eq. (6.2). Similarly, the equivalent of the Q 














Figure 6-7: Locked rotor test arrangement for D and Q axis 
𝑅   (6.1)
𝑍   
𝑍   
(6.2)
The total reactance of the terminal can be experimentally calculated by 
applying underlying electrical AC network Eq. (6.3), while the inductance is 
calculated as given in Eq. (6.4). The D and Q axis inductances can be calculated 
for each rotor in the same way for various supplied voltages. 
𝑋 𝑍 𝑅   
𝑋 𝑍 𝑅   
(6.3)
𝑋 2πf𝐿   





When the rotor is locked in D axis as shown in the figure, the supplied 
current is equivalent to D axis current (𝐼 𝑖 ), and when it is locked in the Q axis, 
the current is equivalent to Q axis current (𝐼 𝑖 ). The rotor is naturally aligned 
to D axis when the current is applied. The rotor should be rotated 90° electrically 
to lock it in Q axis position. The saliency of the machine can be experimentally 
measured as discussed above. The measured saliency ratios of the six designs are 
shown in Figure 6-8. The saliency ratio of each design changes with voltage but 
the change is high for design WSU-4B-CO-N-SynRM (Rotor-VI) compared with 
other designs due to the groove as discussed in section 3.9. 
 
Figure 6-8: Saliency ratio of the six design from lock rotor test (0 -base design) 
As discussed in section 2.6 the saliency ratio of a non-linear rotor is 
depended on supplied current. As can be seen in Figure 6-8, the saliency ratio of 
all seven designs increase with current. It saturates the ribs and webs (for 
applicable designs) resulting in no further flux through them. The analytical 
finding, and FEM simulated findings in section 3.6  closely match the experimental 
verification. The design WSU-4B-CO-N-SynRM is employed with the optimum 
(natural flux path) barrier designed in section 3.5.1 and cut-off at circumference 
shows significantly high saliency ratio of 9.6 at rated condition (MTPA). The theory 
of saturating ribs and webs for high saliency ratio discussed in section 2.6 and 2.7 
is validated by the locked rotor experiment. The saliency ratio is increased for 




















experiment also validates the theory of having higher barriers yields high saliency 
ratio, discussed in 3.6.5. 
 The two cut-off designs (WSU-4B-CO-R-SynRM and WSU-4B-CO-N-
SynRM) show a high saliency ratio out of all the six designs. The machine 
performance of cut-off designs is further discussed in the subsequent 
experiments. All six designs exceeded the base SynRM’s saliency ratio at rated 
condition even though it has higher saliency ratio than the designs II, III and IV 
at initial condition. 
 
6.3 Test System  
A block diagram of the test setup is shown in Figure 6-9. ABB’s ACS-880 
drive controller is used as the test machines drive in this setup. The ACS-880’ 
real-time data is acquired via serial communication (via RS-232) by wiring it to 
the test PC. A power analyser is also used in the downstream of the drive so that 
the ACS-880’s data samples can be verified. The power analyser’s real-time data 
acquisition is established using RS485 serial communication back to the same test 
PC (PC-01), which is communicating to ACS-800. The test machines are coupled 
using a custom-made coupler with a dynamometer. A DC servo motor of 15 kW is 
selected as a load and generator for the dynamometer test setup. The torque, 
speed and power of the test machine are measured by a torsional sensor located 
on the DC motor shaft side as shown in the figure. It is wired to the TS3000 (data 
acquisition device), and the TS300 is wired to a test PC (PC-02) along with DC 


























Data acquisition from 
torque sensor/DC 
motor controller  
Figure 6-9: Block diagram of SynRM experiment 
The experimental setup is shown in Figure 6-10. The test arrangements are 
custom made particularly the present research. ACS-800 and power analyser with 
its wiring arrangements are shown in Figure 6-10(a). The entire test arrangement 










Figure 6-10: (a) ACS-880 drive controller setup (b) Dynamometer test setup used for 





6.4 SynRM Experiments 
The rated condition for the below experiments is defined by the base 
machine’s nameplate rating, as given in Table 3-1. The rated four-pole machine 
speed in a 50 Hz supply is 1500 rpm and supplied line voltage is considered 380 
VAC throughout the experiments. The full load current of the machine based on 
the nameplate rating is 2.9 A. Therefore, the machine rated condition is considered 
as 1500 rpm, 380 VAC and 2.9 A. Thus, the average torques (full load torque) and 
machine power factors of prototypes (rated torque of the machine at the base 
machine full load current) are measured at supply current is at 2.9 A. 
The six SynRMs have been experimentally tested and compared with 
respective FEM simulation results using an exact test condition. The new test 
system has been calibrated prior to each test in order to maintain consistency. 
The FEM and measured torques of all six designs and base machine (named “0” 
in the figure) are shown in Figure 6-11. The experimental results closely align with 
the FEM results discussed in section 3.6 as well as the analytical prediction that 
the higher the number of barriers, the higher the torque density. FEM results are 
closely matching the experimental readings.  
 
Figure 6-11: Measured and FEM torque of SynRM at rated condition 
The power factors of all the designs at rated condition are plotted in Figure 
6-12. As can be seen, the difference between FEM discussed in section 3.6 and 






















calculated via external arrangements such as power analyser reading, drive 
reading and multi-meter measurements. The addition of their tolerances is slightly 
higher in comparison to the torsional sensor, which is direct reading in the case of 
torque measurement. The measured power factors are closely following the FEM 
results.  
 
Figure 6-12: Measured and FEM power factor of SynRM at rated condition 
The efficiency of all the prototypes at the rated condition is shown in Figure 
6-13. Like power factor, efficiency also has a slightly higher difference between 
FEM and measured values, but it closely follows the FEM results for all six designs. 
The study shows that a small range of SynRM can be design with relatively high 
efficiency of almost 86 % which is almost 4 % increase compared with the base 
machine. 
 




































The saliency ratios of all the designs are shown in Figure 6-14 at rated 
condition. The cut-off design with hyperbolic barriers has relatively high saliency 
ratio. The designs with high number of barriers produce high saliency ratio 
regardless of the barrier shape. Hyperbolic barrier designs produce high saliency 
in each case, thus resulting in high performance. This validates the study results 
about the shape of the flux guides in section 3.5. As discussed in the FEM analysis 
section 3.6.5, the higher the barriers, the higher the reluctance in the Q axis. It 
has been experimentally proven in this study. 
 
Figure 6-14: Measured and FEM saliency ratio of SynRM at rated condition 
The pull-out torque of each design is experimentally tested at rated speed 
as part of the performance verification. The test results are given in Figure 6-15. 
Pull-out torque is evaluated by steadily increasing the load while the speed is 
constant. The pull-out torque of a machine at a certain speed is the maximum 
torque that the machine can withstand and stay in synchronism without pulling 
out. Thus, it is rather apparent to identify the point where the machine 
synchronism is lost by pulling out, as can be seen in figures from Figure 6-15 


















Figure 6-15: Design I: Pull-out torque test results 
 
Figure 6-16: Design II: Pull-out torque test results 
 































































Figure 6-18: Design IV: Pull-out torque test results 
 
Figure 6-19: Design V: Pull-out torque test results 
 
Figure 6-20: Design VI: Pull-out torque test results 
The test results are shown in Figure 6-21. The hyperbolic arc designs have 































































II, IV and VI). The results show that the machines produce great pull-out torque 
capability of almost 180 to 190 % of its torque. 
 
Figure 6-21: Measured pull-out torque of SynRM 
The output power of each design at rated conditions are plotted in Figure 
6-22. The cut-off designs (V and VI) produces the highest power compared to all 
other designs by almost 22 % more compared with the base design. The study 
shows that by proper design and optimisation, not only torque, and power factor 
but also the machine efficiency and output power can be significantly improved. 
 







































6.5 PMSynRM Experiments 
The linear barrier PMSynRM design discussed in section 5.7 is 
experimentally tested in this section using the same PM arrangement. Prototype 
WSU-4B-OP-L-PMSynRM (VIII) is used with the same quantities of PMs as studied 
(PM 1 to 4) for this analysis, as shown in Figure 6-23. As can be seen, the design 
VIII-04 has relatively high volume of PM, thus higher PM torque. Due to the 
addition of PM, the machine inertia is increased in this machine compared with 
equivalent SynRM. It takes slightly high starting torque start the machine. 
VIII-01 VIII-02 VIII-03 VIII-04  
Figure 6-23: Linear-barrier PMSynRM designs with various PM quantities for experiments 
The average torques of all the designs (SynRM is called VIII-00 in the 
figure) at the rated condition (defined in section 6.4) are shown in Figure 6-24. 
The measured torques are closely following the FEM torques obtained in section 
5.8.4. The design VIII-04 has significantly high PMs compared with the other three 
designs which also shows high torque. 
 



















The power factors at the rated condition (defined in section 6.4) are shown 
in Figure 6-25. The SynRM used for this experiment is an optimised design with 
linear barriers to contain PMs. Thus, its measured power factor is slightly higher 
(11 %) than that of the base design. As discussed in section 5.4, addition of PM 
increases the power factor of the machine. It is experimentally observed where 
the FEM and measured readings are quite similar. 
 
Figure 6-25: Measured and FEM power factor of PMSynRM at rated condition 
The PMSynRM pull-out torques of the above designs are plotted in Figure 
6-26. The pull-out torque of SynRM is almost 180-190 % of its average torque. 
Whereas, in the case of PMSynRM, it is not quite the same. As can be seen, pull-
out torques of machines VIII-01, VIII-02, VIII-03 and VIII-04 are 183 %, 173 %, 
177 %, and 169 % of the rated torque, respectively. 
 




































The efficiencies of the experimental designs at rated condition are plotted 
in Figure 6-27. The experimental efficiencies are slightly higher than that of the 
FEM. It is primarily attributed to the tolerances of the test equipment. However, 
the differences between FEM and measured results are still within 1 % and 
consistent in all cases. The experimental study verifies that the FEM simulation 
results are closely matching the measured results.  
 
Figure 6-27: Measured and FEM efficiency of PMSynRM at rated condition 
 
 
6.6 Optimised PMSynRM Experiments 
The PMSynRM (WSU-4B-OP-N-PMSynRM) studied in section 5.9 and shown 
in Figure 6-4 is experimentally tested. The optimised designs AN-PMII_OT02 and 
AN-PMII_OT03 share the same SynRM configuration. However, this section 
experimentally investigates only the design AN-PMII_OT02. The tests are carried 
out at rated condition defined in section 6.4. The torques of all the designs are 
shown in Figure 6-27. As can be seen, the measured torques are quite close to 
the FEM results. The measured torque of the PMSynRM is increased by 38 % 




















Figure 6-28: Measured and FEM torque at rated condition 
The power factors of the optimised PMSynRM and its equivalent SynRM are 
plotted in Figure 6-29. The results verify that the performance of a SynRM can be 
significantly improved with PMs. The measured power factor of the optimised 
PMSynRM is increased by almost 14 % compared to its equivalent SynRM without 
PMs. 
 
Figure 6-29: Measured and FEM power factor at rated condition 
The efficiency of the optimised PMSynRM is shown in Figure 6-30 at rated 
conditions. It is increased by 3.8 % compared with equivalent but optimised 
SynRM. As discussed in section 5.10.5, efficiency of these machine naturally 













































Figure 6-30: Measured and FEM efficiency at rated condition 
The instantaneous torque of PMSynRM and SynRM are recorded at various 
speeds to study the torque ripples of the two machines which are plotted in Figure 
6-31 and Figure 6-32. The torque sensor captures the real-time torque pulsation 
at various speed. However, the sampling rate of the torque sensor is not as high 
as FEM step time.  The sampling rate of the test system is 0.2 seconds, whereas 
the simulation time step is 0.000333 seconds. Thus, the captured pulsation is not 
expected to show the ripples captured by FEM. However, the real-time torque 
ripples, shown in the figure is enough to determine the instantaneous machine 
torque in an application.  
 












































The torque ripples of PMSynRM at all three speeds are less than 0.5 % of 
the average torque. The torque ripples of SynRM at the same three speeds are 
plotted in Figure 6-32. The torque at 1500 rpm experiences slightly higher ripples 
compared with other two speeds, but still within 0.5 % of the average torque of 
the machine. 
 
Figure 6-32: Real-time torque ripples of SynRM at three different speeds 
The investigation verifies experimentally that an optimised PMSynRM with 
high-grade rare-earth permanent magnet can considerably improve the 
performance of a SynRM. Moreover, the machine can also be designed to run with 
less torque ripples as shown. The PMSynRM is designed without radial webs to 
have PMs in the middle of the barriers (Figure 6-5). Thus, its tangential ribs are 























6.7 SynRM for Low Ripples 
Both OPT-A and OPT-C from section 4.8, are prototyped for experimental 
verification using medium wire cutting technology so that 0.25 mm air-gap can be 
achieved, as shown in Figure 6-6. Electrical steel JFE50JN400 is used for the 
prototype to achieve high anisotropy. As discussed in section 6.6, the sampling 
rate of the test system is not high enough to capture tiny torque spikes exposed 
by FEM simulation. However, it can capture the practical torque pulsations that 
affects the machine performance in a real-world application. The instantaneous 
torques of both designs at three different speeds are plotted in Figure 6-33.  
 




































The design OPT-A shows torque ripples of 0.0113 Nm, whereas the design 
OPT-C shows 0.0101 Nm at 1500 rpm speed both are too low and in the torque 
sensor’s tolerance range. Design OPT-A shows slightly higher ripples effect at 
higher speed compared with design OPT-C as can be seen in the figure. Whereas, 
the design OPT-C shows smooth operation at both lower and higher speeds. Both 
designs more or less have similar ripples at 1000 rpm.  As mentioned, the 
sampling rate of the test bench is quite low to capture the same ripples shown by 
FEM though the test bench utilises state of the art torque sensor and cutting-edge 
controller. The tiny torque pluses occur within microseconds should not affect the 
operation of the machine. What matter is the practical torque ripples that are 
picked up by the torque sensor, as shown in Figure 6-33. Both designs show 
outstanding performance with respect to the ripples. 
Based on OPT-A and OPT-C results it is confirmed that having more barriers 
increases the torque density of SynRM. It helps to minimise the ripples if barriers 
are placed at optimum locations. Thus, higher number of barriers can result in 
better machine performance. On the other hand, it dies have drawbacks. If the 
number of barriers is increased, it increases the saturation and core losses in the 
rotor core. Consequently, it reduces the overall efficiency. In SynRM, the 
recommended number of barriers per pole is generally defined by the number of 
stator slots. The definition in Eq. (3.9) provides a generic but quite broad in 
deciding the number of barriers. Therefore, the number of barriers shall be verified 
by FEM simulation and optimisation for the excellent performance of the machine.  
 
6.8 Conclusion 
The significant research findings are prototyped to validate the simulation 
study results. Six SynRM prototypes, two PMSynRM prototypes and two SynRM 
prototypes to test torque ripples effects are fabricated as part of this study. Lock 
rotor tests are performed to experimentally measure the saliency ratio by injecting 
currents. The results show the impact of saturation on machine saliency ratio as 




show that if the ribs and webs are saturated as early as possible, the saliency ratio 
can be increased at operation. 
Experimental results of the six SynRM designs validates the simulation 
study results. The test results show that increasing barriers certainly increases the 
machine performance. Furthermore, it also reveals that rotor dimensions of a 
SynRM can be optimised to have relatively high performance without external 
arrangements. The study also found that a SynRM can be designed with optimum 
grove size to significantly improve the machine performance with relatively low 
torque ripples. Finally, the SynRM experiments also validate the barrier profile 
proposed by the study in section 3.5 can have high performance. Moreover, the 
study also found that 3.9 % more efficiency compared with the base machine 
which is a significant achievement. 
The two PMSynRM studies reveal that not only torque and power factor but 
also other performances such as efficiency and output power of a SynRM can be 
considerably increased by adding rare-earth PMs. The torque, power factor and 
efficiency of a SynRM are increased by 38 %, 13 %, and 3.8 % respectively by 
inserted PMs. Moreover, the efficiency of the PMSynRM is increased by 6.9 % 
compared with base machine. It means not only relatively high cost savings for 
the end user, but also less emission to the environment due to the optimum usage 
power. Finally, the experiment results of torque ripples backup the FEM simulation 
results from section 4.8.3. The unconventional SynRM prototypes show that 
SynRM can be designed to have very low torque ripples below 1 % of the machine 







7 CONCLUSION AND RECOMMENDATION 
FOR FUTURE WORKS 
 
7.1 Conclusion  
This thesis has focused primarily on machine performance improvement of 
both SynRMs and PMSynRMs. The detailed analytical models of both machines are 
developed and presented with completed phasor diagrams. The machines 
operating principles have been comprehensively studied and illustrated with the 
help of graphs and vector diagrams for better understanding. The reluctance 
theory concept, both for axially laminated and transversally laminated structures 
and their impact on machine performance, are described with details and 
illustrated. The machine performance parameters such as torque, power factor, 
torque ripples and efficiency are well defined analytically and in a simulation 
environment for both machines. The impact of saturation, cross saturation in the 
non-linear structures is demonstrated with various simulations and the results 
presented in chapter 3. 
Both SynRMs and PMSynRMs are modelled with a highly advanced FEM 
program using primitive design methods. The average solutions of SynRM and 
PMSynRM performance parameters are defined for post-processing of the 
simulation results. The machine parameters are investigated using the average 
solution on numerous rotor dimensions, and the results are presented in this 
thesis. The optimisation techniques have been employed in this study to obtain 
the best optimal machine performance. Numerous optimisation algorithms, for 
single-objective and multi-objective optimisation, have been discussed and 
employed on various design topologies that can be automated during optimisation, 
and detailed in chapter 4 and 5. 
The torque ripples are also given considerable attention in this study. A 
comprehensive investigation focusing on barrier dimensions, barrier shapes and 




investigation are prototyped and the simulation results are experimentally verified 
in chapter 6. Ten prototypes for SynRM and PMSynRM experimental verification 
are fabricated for this study using high-grade electrical steel and medium wire-
cutting technology. These prototypes are tested experimentally to verify the 
theoretical results and discussed in chapter 7. The rare-earth neodymium magnets 
are also fabricated to suit the optimised designs. A new test system 
(dynamometer) is prepared solely for this study using a DC servo motor, as 
presented in section 6.3. The prototypes are tested extensively, and the results 
are presented along with simulation results in chapter 7. 
7.1.1 Important findings 
The study finds an optimum flux barrier shape using natural flux path for 
high performance. The study developed a new multi-barrier arrangement for 
SynRM from numerous simulations, and parameterisation in section 3.5. The study 
uses a commercial off the shelf SynRM as a basis to compare the results. The 
optimised SynRM (in section 4.7) exceeds the torque of the base machine by 17 
%, the power factor by 15 %, and the efficiency by 5.8 %. Moreover, a new 
method is developed to optimise SynRM for torque ripples. The first SynRM with 
hyperbolic barrier type developed via means of optimisation techniques and the 
second model is found by replacing the hyperbolic barrier with a circular barrier 
to achieve low torque ripples. The hyperbolic barrier SynRM shows 3.2 % torque 
ripples, while the circular barrier design shows 1.1 %, as presented in chapter 3. 
The study also investigated PMSynRM with new topologies to optimise the 
machine in two ways, the first one to optimise PMs in an already optimised SynRM 
and the second one is optimising the PMSynRM as a whole object using a novel 
topology developed just for this study. Both machines have shown much improved 
performance. The optimised PMSynRM yields torque of 38 %, the power factor of 





7.2 Recommendation for Future Works 
Although the torque ripples have been investigated in detail in this thesis, 
it focuses primarily on the rotor dimensions. It allows the torque ripples in SynRM 
to be minimised with minimum structural change in the machine without radically 
changing cost of manufacturing. Although other methods such as skewing, 
fractional winding, step skewing and asymmetrical flux barriers are also discussed 
in this thesis but they are not investigated. Each method as shown in section 4.8 
requires investigation to minimise the ripples effects in these machines. The 
simulations and experiments were investigated with sinusoidally fed excitation. 
The ripples effect can be further investigated for various control algorithms that 
can minimise the influence of flux harmonics during the operating condition. 
This study has investigated both SynRM s and PMSynRMs machines in 
detail. The one area that requires further investigation is the control of the 
machines using a specific controller that is specifically designed for these 
machines. The ASC-880 is capable of driving SynRM, and it can be tuned for 
specific SynRM using the advance inbuilt functions. However, the function injects 
current to identify the saliency of the machine, and it alone may not be enough to 
properly understand the machine characteristics as it has been discussed 
throughout this thesis. In addition, the MTPA region of a PMSynRM is completely 
changed when the quantities of PMs and configuration are changed. Thus, it 
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